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SUMMARY 
T h i s  r e p o r t  i s  b a s i c a l l y  d iv ided  i n t o  two s e c t i o n s .  That  is, a s e c t i o n  
c o n t a i n i n g  t h e  exper imenta l  procedures  and r e s u l t s ,  and ano the r  s e c t i o n  con- 
t a i n i n g  t h e  appendices .  The f i r s t  appendix shows t y p i c a l  performance curves  
r e s u l t i n g  from t h e  t e s t i n g  of  many d i f f e r e n t  parameters .  I n  a d d i t i o n  t h i s  
appendix shows schemat ic  diagrams and f i g u r e s  of  t h e  exper imenta l  appa ra tu s  
used d u r i n g  t h i s  work. Appendix I1 p r e s e n t s  a number of  sample c a l c u l a t i o n s  
i n d i c a t i n g  t h e  mathemat ical  procedure by which some of t h e  r e s u l t s  have been 
c a l c u l a t e d .  Appendix I11 g i v e s  a complete f low c h a r t  by which t h i s  l ong  l i f e  
t he rma l  c e l l  can  be cons t ruc t ed  and a l s o  g ive s  complete i n s t r u c t i o n s  on t h e  
r o u t i n g  o f  m a t e r i a l s .  The q u a l i t y  c o n t r o l  procedures  and s p e c i f i c a t i o n s  f o r  
each  component i s  g iven  a long  w i th  t h e  proper  sequence f o r  app ly ing  t h e  QC 
p rocedures .  
The work de sc r i bed  i n  t h i s  r e p o r t  w a s  preceded by a more fundamental  
s t udy  under  NASA Cont rac t  NAS 3-8517. That work concen t r a t ed  on s e l e c t i n g  
t h e  b e s t  composi t ion of c u p r i c  oxide and /or  cuprous oxide cathode m a t e r i a l .  
I n  a d d i t i o n ,  cathode f a b r i c a t i o n  t e chn iques  were s t u d i e d  and exper iments  were 
conducted t o  a r r i v e  a t  a n  a p p r o p r i a t e  s e p a r a t o r  f o r  t h i s  c e l l .  The s u c o e s s f u l  
conc lu s ions  t o  t h a t  work i n d i c a t e d  t h e  u se  of c u p r i c  oxide i n  t h e  form of a 
s i n t e r e d  needle  compaction, and t h e  u se  of a bu lk  V i t ron  E s e p a r a t o r .  The 
work d e s c r i b e d  h e r e i n  was i n i t i a t e d  u s i n g  t h e  recommendations from t h e  NASA 
Cont rac t  NAS 3-8517. 
I n i t i a l l y  t h i s  r e p o r t  d e s c r i b e s  t h e  sca le -up  from t h e  1 4  ampere-hour c e l l  
used i n  NASA Cont rac t  NAS 3-8517 t o  a 50 ampere-hour c a p a c i t y  u n i t .  T h i s  
d e s i g n  de sc r i bed  a c e l l  u s i n g  a magnesium anode, l i t h i u m  ch lor ide-po tass ium 
c h l o r i d e  e u t e c t i c  e l e c t r o l y t e ,  and c u p r i c  oxide cathode.  The d e s i g n  o p e r a t i n g  
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c o n d i t i o n s  f o r  t h i s  c e l l  c o n s i s t e d  of a n  ope ra t i ng  tempera ture  of  427 C, a 
c y c l i c  d i s cha rge  of  278 mil l iamps f o r  54 minutes and 833 mi l l i amps  f o r  6 minutes 
r epea t ed  each hour .  The d e s i r e d  nominal ope ra t i ng  l i f e  w a s  150 hours .  
The i n i t i a l  s t u d i e s  concent ra ted  c h i e f l y  on t h e  opt imiza t ion  of t h e  cathode 
s t r u c t u r e  and i t s  consequent e lec t rochemica l  performance. Cathodes were fab- 
r i c a t e d  wi th  t h r e e  copper needle  s i z e s .  The copper needle  i s  i n  a l l  cases  
1/8" long, but 3  diameters  were s tudied ,  namely 3  m i l ,  5  m i l ,  and 10 m i l  d i a -  
meters .  It w a s  found t h a t  10 m i l  copper needles  could not  be thermal ly  oxidized 
t o  100% cupr ic  oxide. I n  consequence only 3  m i l  and 5  m i l  copper needles  could 
be used i n  f a b r i c a t i n g  t h e  cathodes used f o r  t h i s  subsequent e lec t rochemica l  
t e s t i n g .  Analysis  of t h e  e lec t rochemica l  r e s u l t s  i nd ica t ed  t h a t  t he  3 m i l  
copper needle e l e c t r o d e s  gave a u t i l i z a t i o n  of 72.8% while  t h e  5  m i l  cathodes 
only gave a u t i l i z a t i o n  of 66.1%. I n  a d d i t i o n  t o  t h i s ,  t h e  3 m i l  copper needle 
e l e c t r o d e s  could be oxidized t o  cup r i c  oxide s i g n i f i c a n t l y  f a s t e r  t han  those  
cons t ruc ted  wi th  5  m i l  copper needles .  From t h a t  da t a ,  t h e  3  m i l  copper wire 
cathodes were s e l e c t e d  t o  be used i n  f u r t h e r  s t u d i e s .  
Cathodes were f a b r i c a t e d  i n  t h r e e  c a p a c i t i e s  t o  determine t h e  input  
capac i ty  necessary t o  give a n  output  of 50 ampere-hours. The t h r e e  c a p a c i t i e s  
i n v e s t i g a t e d  were: 62.5, 71.5 and 83.5 ampere-hours. When the  e lec t rochemica l  
r e s u l t s  were p lo t t ed  as inpu t  vs  output  capaci ty,  a l l n e a r  r e l a t i o n s h i p  was 
obtained but not  i n  a 1:l r a t i o .  The r e s u l t s  i nd ica t ed  t h a t  t h e  h igher  capac i ty  
e l e c t r o d e s  produced a lower u t i l i z a t i o n  of ma te r i a l s .  Considering t h e  average 
d e v i a t i o n s  of t hese  t e s t s  it w a s  accepted t h a t  a  61  ampere-hour capac i ty  e lec-  
t r o d e  w a s  requi red  t o  produce t h e  50 ampere-hour output .  
Since t h e  f a b r i c a t i o n  technique and t h e  capac i ty  needed i n  t h e  e l ec t rode  
have been determined and accepted,  t h i s  e l ec t rode  w a s  s t ud ied  f u r t h e r  t o  apply 
appropr i a t e  q u a l i t y  c o n t r o l  techniques  f o r  i t s  c o n t r o l l e d  f a b r i c a t i o n .  Five 
q u a l i t y  c o n t r o l  parameters were s tudied .  These parameters were (a) bulk den- 
s i t y ,  (b)  BET su r face  a rea ,  (0)  pore s i z e  d i s t r i b u t i o n ,  (d)  modulus of rupture ,  
and ( e )  compression s t r e n g t h .  Bulk d e n s i t y  w a s  t h e  only non-destruct ive t e s t  
considered, and consequently c o r r e l a t i o n  between t h e  o t h e r  parameters and bulk 
d e n s i t y  was d e s i r a b l e .  The pore volume between 1 and 30 microns gave a good 
c o r r e l a t i o n  w i t h  bulk d e n s i t y .  The o ther  t h r e e  parameters showed l i t t l e  cor- 
iii 
r e l a t i o n  wi th  bulk  d e n s i t y .  The BET su r f ace  a r e a  measurements gave very ill 
def ined  r e s u l t s  due t o  t h e i r  low su r f ace  a r e a .  From these  s t u d i e s  it was 
determined t h a t  a bulk d e n s i t y  of 3.18 t o  3.38 grams per  cubic cent imeter  w a s  
a n  acceptab le  cathode.  
Separa tor  s t u d i e s  were e s s e n t i a l l y  of two t y p e s :  E l e c t r i c a l  t e s t i n g  and 
t h e  e f f e c t  of t h e  sepa ra to r  on t h e  c e l l  d i scharge  performance. Four d i f f e r e n t  
th icknesses  of t h e  s e p a r a t o r  were s tud ied .  The e l e c t r i c a l  t e s t i n g  e s s e n t i a l l y  
i nd ica t ed  t h a t  t h e  r e s i s t a n c e  con t r ibu ted  by t h e  sepa ra to r  w a s  i n s i g n i f i c a n t l y  
low. On t h e  b a s i s  of s e l f  d i scharge  cu r r en t  and average l i f e  of t h e  c e l l s ,  
t h e  1 .5  cent imeter  t h i ckness  s epa ra to r  w a s  accepted f o r  f u r t h e r  use .  
S tud ie s  concerning t h e  t e rmina l  s e a l  used i n  t h i s  c e l l  i nd i ca t ed  that a 
ceramic i n s u l a t o r  was necessary.  I n  add i t i on ,  a copper braze w a s  necessary  
between t h e  ceramic and t h e  metal  components of t h e  s e a l .  Nickel was used f o r  
a l l  metal  p a r t s  s i n c e  it was i n e r t  i n  t h e  e l e c t r o l y t e  and e a s i l y  welded t o  t h e  
n i c k e l  can. The terminal- to-case r e s i s t a n c e  over t h e  opera t ing  temperature 
range of t he  c e l l  w a s  g r e a t e r  t han  1014 ohms. By us ing  t h e  method of helium 
l e a k  d e t e c t i o n  it w a s  observed t h a t  thermal shock d i d  not  cause t h e  s e a l s  t o  
l eak .  Exposure of t hese  s e a l s  t o  t h e  c e l l  components a t  i ts  opera t ing  tem- 
pera ture  f o r  a  per iod of 200 hours d i d  not  have any d e t e r i o r a t i n g  e f f e c t  on 
t h e  s e a l .  The A l i t e  B50-1 t e rmina l  s e a l  w a s  s e l e c t e d  t o  be used on t h e  f i n a l  
des ign  of t h e s e  c e l l s ,  s i n c e  it w a s  expected t h a t  t h i s  s e a l  would o f f e r  more 
mechanical s t a b i l i t y  i n  fu tu re  environmental condi t ions .  
Twenty c e l l s  were cons t ruc ted  and subjec ted  t o  var ious  condi t ions  of shock, 
v i b r a t i o n  and a c c e l e r a t i o n .  These t e s t s  r e s u l t e d  i n  having 70% of t h e  anode 
connectors broken. Modif icat ions were made t o  t h i s  c e l l  t o  prevent t h i s  f a i l u r e  
mode. Environmental t e s t s  wi th  t h e  modi f ica t ions  r e s u l t e d  i n  no mechanical 
f a i l u r e s  i n  t h e  c e l l .  Subsequent e lec t rochemica l  t e s t i n g  r e s u l t e d  i n  approxi-  
mately 30% l o s s  of the  c e l l ' s  normal l i f e .  
A t  t h i s  po in t  i n  t h e  work it could not be l o g i c a l l y  reasoned t h a t  t h e  
environmental t e s t i n g  caused t h i s  30% l o s s  of l i f e .  Two o the r  poss ib l e  
e f f i c i e n c y  l o s s  modes could be envis ioned .  These cons is ted  of poss ib l e  h igh  
r e s i s t a n c e  s h o r t i n g  a c r o s s  t h e  t e rmina l  s e a l  causing a h igher  c e l l  d i scharge  
r a t e  o r  s epa ra to r  f a i l u r e  which would r e s u l t  i n  l o s t  e f f i c i e n c y  of t h e  e l ec -  
t r o d e  m a t e r i a l s .  C e l l s  were cons t ruc ted  and discharged u t i l i z i n g  t h r e e  r a d i -  
c a l l y  d i f f e r e n t  s e a l  cons t ruc t ions .  The l a r g e s t  of t h r e e  s e a l s  could not  be 
eva lua ted  i n  terms of t h e  c e l l  d i scharge  c h a r a c t e r i s t i c s  s ince  mechanical 
f a i l u r e s  i n  t h e  s e a l  l i m i t e d  t h e  l eng th  of t h e  t e s t .  The d ischarge  r e s u l t s  
t h a t  were obtained involv ing  t h e  o the r  two s e a l s  showed no d i f f e r e n c e  i n  t h e  
e lec t rochemica l  performance. These r e s u l t s  i nd ica t ed  t h a t  h igh  r e s i s t a n c e  
s h o r t i n g  a c r o s s  t h e  t e rmina l  s e a l  w a s  no t  a s i g n i f i c a n t  problem and would not  
r e s u l t  i n  t h e  decreased l i v e s  observed. Hesgon B woven g l a s s  c l o t h  w a s  
s e l e c t e d  as a n  a l t e r n a t e  s epa ra to r  m a t e r i a l .  Five c e l l s  were cons t ruc ted  us ing  
t h i s  a l t e r n a t e  s e p a r a t o r  m a t e r i a l  and t h e  e lec t rochemica l  d i scharge  ind ica t ed  
a n  average d e v i a t i o n  of 2.5 hours l i f e .  Due t o  t h e  encouraging r e s u l t s  from 
0 t h e  427 C t e s t s ,  t e n  a d d i t i o n a l  u n i t s  were cons t ruc ted .  Five of t h e s e  u n i t s  
were discharged a t  371°C and t h e  o the r  f i v e  were discharged a t  481°C. Repro- 
d u c i b i l i t y  w a s  good i n  a l l  t e s t s .  The performance of t h e  c e l l s  a t  4 2 7 ' ~  and 
0 0 481 C were e s s e n t i a l l y  t he  same. The c e l l s  discharged a t  371 C gave somewhat 
i n f e r i o r  performance a s  compared t o  t h e  h igher  temperature t e s t .  I n t e r p o l a t i o n  
and minor e x t r a p o l a t i o n  of the  d a t a  i n d i c a t e s  t h a t  t hese  c e l l s  w i l l  opera te  
e f f i c i e n t l y  between 4 0 0 ~ ~  and 480'~.  
The goa l s  of t h e  work s tatement  having been succes s fu l ly  completed, 20 
complete c e l l s  were cons t ruc ted  f o r  d e l i v e r y  t o  NASA. F i f t e e n  of t hese  u n i t s  
were d e l i v e r e d  t o  NASA and a t  NASA's i n s t r u c t i o n ,  f i v e  u n i t s  were discharged 
a t  CRC. Th i s  d a t a  w a s  s e n t  t o  t h e  NASA c o n t r a c t  manager t o  s e rve  a s  t y p i c a l  
performance d a t a  f o r  t h e  o ther  u n i t s  d e l i v e r e d .  
This  f i n a l  r e p o r t  p resents  i n  d e t a i l  t h e  work performed f o r  NASA-Lewis 
du r ing  the  pas t  28 months towards the  succes s fu l  development of a long  l i f e  
thermal  c e l l .  
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CONTRACT OBJECTIVES 
The r e s e a r c h  under  Con t r ac t  NAS 3-10932 i s  d i r e c t e d  toward t h e  development 
of a l ong  l i f e  t he rma l  b a t t e r y  u s i n g  a magnesium anode, c u r p i c  oxide cathode,  
a s e p a r a t o r  and fused  e u t e c t i c  salt,  59 mole % LiCl and 41  mole % K C l ,  o p e r a t i n g  
a t  427 '~ .  Component o p t i m i z a t i o n  and q u a l i t y  c o n t r o l  c h a r a c t e r i z a t i o n  w a s  t o  be 
determined t o  provide a n  e a s i l y  cons t ruc t ed  and h i g h  performance c e l l .  The 
performance goa l  w a s  t o  provide a c e l l  t h a t  would o p e r a t e  f o r  150 hours  a t  
278 m a  f o r  54 minutes  and 833 m a  f o r  6 minutes each hour  whi le  ma in t a in ing  a 
low c u r r e n t  v o l t a g e  no l e s s  t h a n  0 .5  v o l t s .  
1 . 0  In t roduc t ion  
The ob jec t ive  of t h i s  program was t o  design, bu i ld  and t e s t  a r e l i a b l e  
f i f t y  ampere-hour thermal  c e l l .  C e l l s  were t o  be subjec ted  t o  environmental 
and e lec t rochemica l  performance t e s t s  t o  eva lua te  t h e i r  c a p a b i l i t y  and 
r e p r o d u c i b i l i t y .  Components were t o  be evaluated s i n g l y  and t h e n  incorpora ted  
i n t o  complete c e l l s  f o r  f u r t h e r  t e s t i n g .  Most c e l l  t e s t s  were scheduled f o r  
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eva lua t ion  at  4 2 7 ' ~  but  a l i m i t e d  number were examined a t  371 C, 481 C and 
5 3 8 ' ~  t o  more f u l l y  explore t h e  temperature c a p a b i l i t y  of t h e  c e l l .  F ina l ly ,  
a f t e r  t h e  des ign  weaknesses were cor rec ted ,  a f i n a l  des ign  s p e c i f i o a t i o n  w a s  
prepared and twenty c e l l s  were de l ive red  t o  NASA f o r  eva lua t ion .  
P a r t i c u l a r  emphasis was placed on q u a l i t y  c o n t r o l  procedures, t e s t s ,  and 
in spec t ion  before as wel l  as a f t e r  bu i ld ing  of components and dur ing  f i n a l  
t e s t i n g .  
2.0 Qua l i t y  Con t ro l  Program 
Appendix I11 g i v e s  a complete q u a l i t y  c o n t r o l  program f o r  a l l  s t e p s  developed 
s imul taneous ly  w i t h  exper imenta l  i n v e s t i g a t i o n  of t h e  c e l l  components. The 
q u a l i t y  c o n t r o l  complement is  d iv ided  i n t o  t h r e e  s e c t i o n s :  Seo t i on  A shows a 
f low c h a r t  f o r  c o n s t r u c t i n g  t h e  f i n i s h e d  c e l l  beg inn ing  w i th  t h e  r a w  m a t e r i a l s  
and p rog re s s ing  t h rough  each  assembly and i n s p e c t i o n  s t e p  t o  t h e  f i n i s h e d  u n i t ;  
S e c t i o n  B g ive s  t h e  d imens iona l  drawings of each  component a l o n g  w i th  t h e  
i n s p e c t i o n  procedure f o r  t h a t  p i ece ;  Seo t i on  C s e t s  f o r t h  t h e  vendors, r a w  
m a t e r i a l s ,  chemical composi t ions  and p u r i t y .  
An o r i g i n a l  q u a l i t y  c o n t r o l  program was submi t ted  t o  NASA a t  t h e  commence- 
ment of t h e  program, which s e rved  t o  provide q u a l i t y  c o n t r o l  a t  t h a t  s t a g e  of  
t echnology .  Revis ions  and a d d i t i o n s  were made t o  t h e  o r i g i n a l  program as t h e y  
became de f i ned  and e v i d e n t  from t h e  p rog re s s ive  exper imenta t ion .  
Throughout t h i s  program CRC has  i n spec t ed  each  o e l l  component and completed 
o e l l  t o  determine i t s  compliance w i th  t h e  q u a l i t y  c o n t r o l  s p e c i f i c a t i o n s  as 
developed a t  t h a t  t ime.  Var iab le  d a t a  were recorded  f o r  each  o e l l  where such 
d a t a  were necessa ry  t o  determine t h e  degree o f  r e p r o d u c i b i l i t y  and un i fo rmi ty  
from c e l l  t o  o e l l .  
A l l  i n s p e c t i o n s  were recorded and i d e n t i f i e d  t o  e ach  c e l l  w i th  s e r i a l  
numbers. 
3.0 Experimental and Design Studies 
3 .1  Design of F i f t y  (50) Ampere-Hour Cel l  
3 .1 .1  Desian S ~ e c i f i c a t i o n s  
The basic  des ign  of the c e l l  used i n  t h i s  work was t o  be taken from t h e  
50 ampere-hour c e l l  designed under NASA Contract NAS 3-8517. Each of t h e  
components used i n  the  c e l l  i s  shown i n  d e t a i l  i n  t h e  q u a l i t y  con t ro l  plan i n  
Appendix 111. A cross-sectioned view, showing t h e  p a r t s  loca t ion ,  is given i n  
Figure 1. 
The s i g n i f i c a n t  opera t ing  o h a r a c t e r i s t i c s  des i r ed  f o r  a  o e l l  opera t ing  a t  
4 2 7 ' ~  were : 
Nominal opera t ing  l i f e  --- 150 hours 
Capacity --- 50 ampere-hours de l ivered  over a  150 hour l i f e  
I n i t i a l  open-circui t  vol tage --- 1.5  v o l t ,  minimum 
Nominal duty cyole --- 0.278 &0.5% amps f o r  54 minutes, followed by 
0.833 amps f0.5'$ f o r  6 minutes, with t h e  cycle repeated each hour. 
Peak voltage under load, nominal --- 1 . 2  vo l t ,  minimum 
Current dens i ty  --- 10-30 ma/cm 2  
Operating temperature --- 4 2 7 ' ~  design point,  3 7 1 ' ~  - 5 3 8 ' ~  se rv ice  
range 
Construction type --- sea led .  
A s  w i l l  be shown l a t e r ,  t h e  proposed des ign  has met a l l  these  s p e c i f i c a t i o n s  
during s t a t i c  t e s t i n g .  
3.1.2 Discussion of C e l l  Design 
Throughout t h i s  d i scuss ion  r e f e r  t o  Figure I and t o  the  appropr ia te  f i g u r e s  
i n  the  q u a l i t y  con t ro l  s e c t i o n  i n  Appendix 111. 
The o e l l  case used f o r  a l l  t he  c e l l  t e s t s  i s  made of 0.050" grade A n i cke l .  
Nickel, a s  reported i n  l i t e r a t u r e  and shown by our experimental t e s t s ,  is  
e s s e n t i a l l y  i n e r t  i n  a moisture-free LiC1-KC1 environment. It has a  high t e n s i l e  
s t r e n g t h  and i s  e a s i l y  welded. Severa l  hundred i n d i v i d u a l  c e l l  t e s t s  have 
demonstrated t h i s  m a t e r i a l  t o  be s a t i s f a c t o r y  f o r  t h e  c e l l  case .  
Vycor and ceramic t e rmina l  s e a l s  were s tudied  and t h e  ceramic s e a l s  show 
overwhelming s u p e r i o r i t y ,  p r imar i ly  because of thermal  shock r e s i s t a n c e .  Only 
one t e r m i n a l  s e a l  i s  used on each c e l l .  This  s e a l  provides e l e c t r i c a l  connection 
t o  t h e  anode while providing e l e c t r i c a l  i n s u l a t i o n  between t h e  anode and cathod8. 
The cathode, being i n t e r n a l l y  mounted a g a i n s t  t he  c e l l  case,  i s  connected 
e l e c t r i c a l l y  by a n i c k e l  t e rmina l  which i s  electron-beam welded t o  t h e  c e l l  case.  
The magnesium anode communicates wi th  t h e  t e rmina l  s e a l  through a n i c k e l  
connector .  Pas t  experimentat ion has shown t h a t  a  r e l i a b l e  connect ion between 
t h e  connector  and anode can be made by th read ing  the  connector and screwing t h e  
anode onto i t .  The oonnector is  a l s o  made from grade A n i c k e l  f o r  t h e  reasons 
mentioned e a r l i e r .  
I n  t h e  i n i t i a l  t e s t s  t h e  s e p a r a t o r  w a s  cons t ruc ted  from " ~ i t r o n - E " ,  1 .5  cm 
t h i c k .  Th i s  t h i ckness  w a s  optimum, as shown experimental ly  i n  a l a t e r  s e c t i o n .  
It w i l l  a l s o  be shown t h a t  a  g l a s s  t a p e  sepa ra to r  i s  s u p e r i o r  t o  t h e  Vi t ron  E  
m a t e r i a l .  The sepa ra to r  encases t h e  anode and i s  r e t a i n e d  by a n i c k e l  r i n g  
clamped i n t o  p lace .  This  method of s epa ra to r  connection i s  simple, convenient 
i n  cons t ruc t ion  and t roub le - f r ee  i n  performance. 
The most s a t i s f a c t o r y  method f o r  adding e l e c t r o l y t e  t o  t h e  c e l l  has proven 
t o  be a two-step method. The anode assembly i s  pos i t ioned  and molded i n t o  a  
block of e l e c t r o l y t e .  While t h e  e l e c t r o l y t e  i s  molten, s u f f i c i e n t  time i s  
allowed s o  t h a t  t h e  s e p a r a t o r  i s  s a t u r a t e d  and then  t h e  salt  i s  cooled, mnlding 
t h e  anode assembly i n t o  t h e  s a l t  block. The salt  block is molded i n  a n i c k e l  
can of such dimensions t h a t  t h e  molded salt  block w i l l  e a s i l y  f i t  i n t o  t h e  f i n a l  
c e l l  case .  I f  t h e  s e p a r a t o r  i s  s a t u r a t e d  without t h e  support  of t h e  s a l t  block, 
a net-work of f i n e  c racks  develops i n  t h e  Vitron E m a t e r i a l  which s u b s t a n t i a l l y  
i nc reases  t h e  average se l f -d ischarge  cu r r en t  of t he  c e l l  and sho r t ens  t h e  c e l l  
l i f e .  A f t e r  pos i t i on ing  t h e  salt  block and anode assembly i n t o  t h e  c e l l  case,  
t h e  anode connector i s  hermet ica l ly  fused t o  t h e  t e rmina l  by electron-beam 
welding. Electron-beam welding must be used on t h i s  c e l l  s i n c e  a l l  t h e  o the r  
welding methods examined produce enough hea t  t o  vaporize t h e  e l e c t r o l y t e  and 
prevent t o t a l  s e a l i n g  of t h e  u n i t .  
A grade A n i c k e l  cathode r e t a i n e r  r i n g  is used t o  immobilize t h e  cathode 
and t o  cause t h e  cathode t o  f i t  snugly a g a i n s t  t h e  c e l l  case .  The f i n a l  con- 
s t r u c t i o n  opera t ion  is  t o  electron-beam weld the  bottom on t h e  case. 
Electron-beam welding must be performed i n  a  high vacuum and consequently 
t h e  f u l l y  cons t ruc ted  thermal  c e l l  i s  evacuated. The q u a n t i t y  of e l e c t r o l y t e  
used i s  accu ra t e ly  weighed ( to l e rance  f .5 grams) t o  assure  t h e  complete f i l l i n g  
of t h e  c e l l  i n  t h e  molten s t a t e .  The combination of evacuat ion and exact  salt 
content  r e s u l t s  i n  a n  omni-positional opera t ing  c e l l .  
3 .2  C e l l  Component Fabr ica t ion ,  T e s t s  and Evaluat ion 
3 .2 .1  Elec t rodes  
Anode 
The anode used i n  t h e  c e l l  des ign  is t h a t  s p e c i f i e d  by NASA i n  both 
composition and pu r i ty .  The anode i s  composed of magnesium of t h e  fol lowing 
p u r i t y  s p e c i f i c a t i o n s  : 
Mg 99.80% o r  g r e a t e r  
T o t a l  A l ,  Cu, Fe, Mn, S i ,  N i  t o .  20% 
Cu (0.05% 
N i 0.01% 
Magnesium is  purchased from t h e  Dow Chemical Company as 12  inch  rods, 1 .54  
inches  i n  diameter .  
A s  g iven i n  t h e  con t r ac t  d i r e c t i v e s ,  no development work w a s  performed 
on t h e  magnesium anode. 
Cathode 
Based on the  r e s u l t s  of NASA Contract NAS 3-8517, t h e  cathode com- 
p o s i t i o n  has been s tandard ized  a t  99.8% oupric  oxide, o r  b e t t e r .  The remainder 
of t h e  cathode would be <0.2% cuprous oxide. The experimental  evidence and 
d i scuss ion  of t h i s  s e l e c t i o n  i s  given i n  NASA F ina l  Report NASA CR-72361. 
Cathode Fabr i ca t  i on  Technique 
This d i s c u s s i o n  desc r ibes  cathode f a b r i c a t i o n .  Exact t o l e r ances ,  
p u r i t i e s  and q u a l i t y  c o n t r o l  a r e  given i n  Appendix 111, q u a l i t y  c o n t r o l .  
The i n i t i a l  s t e p  i n  t h e  f a b r i c a t i o n  of t h e  cathode involves  t h e  
c u t t i n g  of pure copper wire i n t o  1/8" lengths ,  u s ing  a n  automatic  c u t t i n g  
machine. These c u t  needles  a r e  placed i n  a  one piece g lass rock  mold (prev- 
i ous ly  cons t ruc t ed )  which has been l i n e d  wi th  mica t o  provide a quick r e l e a s e .  
0 The assembly i s  placed i n  a furnace a t  650 C f o r  two hours t o  s i n t e r  t h e  
i n d i v i d u a l  wires  i n t o  a porous, s tu rdy  s t r u c t u r e .  The s i n t e r e d  e l ec t rode  is  
removed from t h e  oven, cooled and ex t r ac t ed  from t h e  mold. The e l ec t rode  
s t r u c t u r e  is then  placed back i n t o  t h e  oven a t  650°C, under a forced  a i r  s tream 
a t  four  l i t e r s  per  minute, f o r  f i v e  days.  The q u a n t i t y  of copper needles  
placed i n  t h e  mold o r i g i n a l l y  w a s  weighed and t h e  weight of t h e  f i n a l  r e s u l t i n g  
cupr i c  oxide can be ca l cu la t ed .  A t  t h e  end of f i v e  days of heat ing,  t h e  e l ec -  
t r o d e s  a r e  cooled and weighed. I f  t h e  e l e c t r o d e  weighs 99.8% o r  g r e a t e r  t han  
t h e  ca l cu la t ed  f igu re ,  it is  accepted f o r  f u r t h e r  q u a l i t y  c o n t r o l  measurements. 
I f  t he  weight i s  t o o  low, it i s  re turned  t o  t h e  furnace f o r  f u r t h e r  ox ida t ion .  
A f t e r  t h e  e l ec t rode  has reached a n  acceptab le  weight, t he  t h i ckness  and 
diameter  a r e  measured a t  s e v e r a l  spo t s  on t h e  e l ec t rode  and i ts  d e n s i t y  i s  
c a l c u l a t e d .  The d e c i s i o n  t o  accept  o r  r e j e c t  t h e  cathode i s  made a t  t h i s  
po in t  before t h e  e l e c t r o d e  i s  f u r t h e r  considered f o r  t e s t i n g  i n  a  c e l l .  
Copper Needle S i ze  
The e f f e c t  of t h e  copper needle s i z e  on t h e  ease  of f a b r i c a t i o n  and on 
t h e  phys ica l  and e lec t rochemica l  p r o p e r t i e s  of t h e  cathode w a s  s t u d i e d .  
Three d i f f e r e n t  needle s i z e s  were examined : 0.0032, 0.0055 and 0.010 
inch  d iameters .  C e r t a i n  cons idera t ions  were r e s t r i c t i v e  i n  dec id ing  t h e  range 
of needle diameters  t o  be t e s t e d .  The l a c k  of commercial a v a i l a b i l i t y  of 
copper wire l e s s  t han  0.0032" diameter  determined t h i s  as the  lower l i m i t .  
Experimental t e s t i n g  (see NASA r e p o r t  NASA CR-72361) has demonstrated t h a t  
copper wire g r e a t e r  t han  0:010" i n  d iameter  i s  extremely d i f f i c u l t  t o  com- 
p l e t e l y  oxidize t o  cup r i c  oxide. Consequently, t h e s e  two p r a c t i c a l  l i m i t a -  
t i o n s  s e t  t he  range of s tudy .  The 0.0055" diameter  was s e l e c t e d  a s  a n  i n t e r -  
mediate s i z e  and because i t  is  a  commercially a v a i l a b l e  s tock  i tem. 
Five t e s t s  were run on each of t h e  t h r e e  needle s i z e s  i n  normal lab-  * 
ora to ry  c e l l s  of t he  same conf igu ra t ion  as shown i n  Figure 1. A l l  e l e c t r o d e s  
prepared i n  t h i s  s tudy had a nominal capac i ty  of 71.5 ampere hours.  The c e l l s  
were discharged a t  t h e  nominal duty cyc le  s p e c i f i e d  i n  Sec t ion  3 .1 .1  i n  a 100% 
0 
n i t rogen  environment a t  427 C .  The minimum d e s i r e d  l i f e  of a  c e l l  w a s  150 
hours.  Tes t s  were terminated when t h e  c e l l  vo l tage  decl ined t o  0.5 v o l t s  under 
t he  low cu r ren t  load .  A l l  t e s t s  were run  a t  a  cons tan t  cu r r en t  and not  a 
cons tan t  e x t e r n a l  load .  
A number of poss ib le  v a r i a b l e s  were kept  cons tan t  throughout t hese  
t e s t s  and a r e  s p e c i f i e d  below. 
Container  m a t e r i a l  --- grade A n i c k e l  
Diameter of cathode --- 2.330 inches  
Height of cathode --- 0.394 inches  
Diameter of anode --- 1.540 inches 
Height of anode --- 0.633 inches 
Spacing between e l e c t r o d e s  --- 1 . 2 3  inches 
Thickness of Vitron-E s e p a r a t o r  --- 0.59 inches 
T o t a l  volume of e l e c t r o l y t e  a t  427OC --- 217.2 om 3 
Anode connector m a t e r i a l  --- grade A n i c k e l  
Terminal s e a l  --- ce ramic ,Al i t e  D-312 
Before and a f t e r  each t e s t  t h e  c e l l s  were examined by X-ray t o  determine t h e  
proper placement of p a r t s  and t o  a i d  i n  so lv ing  problems t h a t  became evident  
dur ing  t h e  e lec t rochemica l  t e s t s .  I n  s e v e r a l  ca ses  t h e  X-ray a n a l y s i s  tech-  
nique provided t h e  only information t h a t  i nd ica t ed  t h e  necessary modi f ica t ions  
t o  improve the  c e l l  performance. 
The a n a l y s i s  of t h e  e lec t rochemica l  d a t a  f o r  t h e  t h r e e  needle  s i z e s  
is  given i n  Table 1, Appendix I. The c e l l  t e s t  numbers u s ing  t h e  3 m i l  wire 
i n  t h e  cathode a r e  258, 259, 270, 271 and 272; u s ing  the  5 m i l  wire t hey  a r e  
262, 274, 281, 286 and 282; and us ing  t h e  10  m i l  wire they  a r e  268, 275, 276, 
278 and 279. Figures  2-4 show the  vol tage  versus  time t r a c e s  f o r  t h e s e  
cathodes.  The t h r e e  needle s i z e s  examined a r e  convenient ly r e f e r r e d  t o  a s  
3, 5  and 10  m i l  d iameters ,  but the  a c t u a l  diameters  were 3.2, 5 .5  and 10  m i l s ,  
r e s p e c t i v e l y .  
The 10 m i l  needles  a r e  very d i f f i c u l t ,  i f  no t  impossible,  t o  com- 
p l e t e l y  oxid ize  t o  cup r i c  oxide by a hea t ing  process .  The e x t e n t  of t h e  
oxida t ion  appears  t o  be s e n s i t i v e  t o  t h e  manner i n  which t h e  needles  a r e  
pos i t ioned  i n  t h e  mold. The non-uniform oxida t ion  of t h e  needles  makes any 
q u a l i t y  c o n t r o l  procedure most d i f f i c u l t  t o  be app l i ed  meaningfully.  I n  a l l  
cases  t h e  10  m i l  needles  had s t i l l  not  been converted t o  ) 99.8% CuO a f t e r  
hea t ing  f o r  over 300 hours .  Addi t iona l  hea t ing  d i d  no t  cause t h e  e l ec t rodes  
t o  ga in  any f u r t h e r  weight.  Analysis  of t hese  e l e c t r o d e s  a l s o  ind ica t ed  t h a t  
no r e s i d u a l  m e t a l l i c  copper remained i n  t h e  e l ec t rode  s t r u c t u r e .  Consequently, 
it would be s a f e l y  assumed t h a t  t h e  e l ec t rode  was composed of a mixture of 
cup r i c  and cuprous oxides.  On t h e  b a s i s  of t h e  i n i t i a l  weight of copper i n  
t h e  e l e c t r o d e  and t h e  f i n a l  weight of t h e  oxidized e l ec t rode ,  t he  percent  
composition of each spec ie  i n  t h e  e l ec t rode  and i t s  coulombic capac i ty  oould 
be c a l c u l a t e d .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  shown i n  Table 1 f o r  
t h e  f i v e  10  m i l  cathodes t e s t e d .  
Table 1 
Capacity and Percent  of CuO and Cu,O i n  10 m i l  Cathodes 
U 
Cathode Capacity 
Tes t  Number % CuO 
Due t o  t h e i r  o v e r a l l  poor q u a l i t i e s  i n  e lec t rochemica l  performance, poor r e -  
p r o d u c i b i l i t y  and incompkte  ox ida t ion  t o  cupr ic  oxide, t h i s  needle s i z e  (10 
m i l )  was e l imina ted  as a m a t e r i a l  f o r  f a b r i c a t i n g  cathodes. The vol tage  vs 
t ime t r a c e s  a t  cons tan t  c u r r e n t  a r e  shown i n  Figure 4. 
Table 2 shows a comparison of t h e  average values f o r  t h e  f i v e  runs 
f o r  each of t h e  t h r e e  needle s i z e s  and t h e  average d e v i a t i o n  from t h e  mean. 
Table 2 
Averane Data Com~ar ison  f o r  D i f f e ren t  Needle S i z e s  
Needle Avg. Li fe  Avg. Cathode Avg. Se l f -  
Size ( ~ r s  ) U t i l i z a t i o n  Discharge 
The 3 m i l  and 5  m i l  needle cathodes a r e  similar i n  e lec t rochemica l  
performance as i s  seen  i n  Figures  2 and 3  r e s p e c t i v e l y .  The 3  m i l  needle 
cathodes i n d i c a t e  a s l i g h t  s u p e r i o r i t y  over t h e  5  m i l  needle e l ec t rodes .  I n  
a d d i t i o n  t h e  f a b r i c a t i o n  of t h e  3  m i l  needle cathodes is  quicker  s i n c e  it 
r e q u i r e s  only about  75% of t h e  time necessary f o r  t h e  5  m i l  needles  t o  oxidize 
t o  a n  acceptab le  cupr ic  oxide composition. 
Table 2 shows the  r e l a t i v e  performance of t h e  t h r e e  needle s i zed  
cathodes.  Overall ,  t h e  e lec t rochemica l  performance f avor s  t h e  choice of 3 
m i l  needle cathodes.  The average dev ia t ions  show t h a t  no s t a t i s t i c a l  advan- 
t age  i s  present  i n  e lec t rochemica l  performance f o r  e i t h e r  t h e  3 o r  5 m i l  
needle s i z e s .  However, examination of t h e  ind iv idua l  t e s t s  shows t h a t  t h r e e  
of t h e  3  m i l  t e s t s  r a n  f o r  over 150 hours, whereas only one of t he  5 m i l  t e s t s  
exceeded t h i s  l i f e .  S i m i l a r l y  t h e s e  t h r e e  3  m i l  t e s t s  had cathode u t i l i z a t i o n s  
g r e a t e r  t han  70%) but  only one 5  m i l  t e s t  exceeded t h i s  u t i l i z a t i o n .  Individ-  
u a l  t e s t s  f o r  t h e  3  m i l  needle cathodes shows t h r e e  t e s t s  where the  average 
se l f -d i scha rge  cu r r en t  (I. s .d.  ) a r e  435 m a  while f o r  t h e  5  m i l  needle cathodes 
they  do not show any t e s t s  l e s s  t h a n  35 m a  f o r  t h e  same f a c t o r .  The s e l f -  
d i scharge  cur ren t ,  however, i s  probably more dependent upon t h e  reproducible  
a p p l i c a t i o n  of t h e  sepa ra to r  t han  on t h e  needle s i z e  used i n  t h e  cathode. 
Considering t h e  e lec t rochemica l  performance and ease and r e p r o d u c i b i l i t y  
of oons t ruc t ion ,  t h e  3  m i l  copper needles  were se l eo ted  t o  be used i n  t he  
succeeding experiments.  
Cathode Capacity Study 
The ob jec t  of t h i s  t e s t i n g  was t o  determine t h e  cathode capac i ty  
0 
r equ i r ed  t o  d e l i v e r  f i f t y  (50) ampere-hours a t  427 C over a 150 hour per iod 
when discharged a t  t h e  nominal duty cycle  s p e c i f i e d  i n  Sec t ion  3.1.1.  
For t hese  t e s t s ,  c e l l s  were f a b r i c a t e d  as shown i n  Figure 1, us ing  
3  m i l  copper needles  i n  f a b r i c a t i n g  t h e  cathodes.  The d a t a  from t h e  3  m i l  
needle  cathodes were reviewed t o  determine t h e  approximate inpu t  cathode 
capac i ty  needed t o  d e l i v e r  50 ampere-hours output .  Table 2  i n d i c a t e s  a n  
average cathode u t i l i z a t i o n  of approximately 68 ampere-hours would be nec- 
e s sa ry .  By invoking t h e  average dev ia t ion ,  a range of cathode inpu t  between 
approximately 61 t o  80 ampere-hours appeared appropr i a t e  f o r  t e s t i n g .  The 
two c a p a c i t i e s  s e l e c t e d  f o r  f u r t h e r  t e s t i n g  were 62.5 and 83.0 ampere-hours. 
The anode capac i ty  used had a  capac i ty  20% g r e a t e r  t han  t h a t  of 
t h e  cathode so  t h a t  t h e  c e l l  would n e c e s s a r i l y  be l i m i t e d  by t h e  cathode. 
Ten c e l l s  of acceptab le  performance were t e s t e d  i n  two s e r i e s  of 
f i v e  c e l l s .  One s e r i e s  of t e s t s  used a  62.5 ampere-hour capac i ty  cathode; 
t h e  o the r  used 83.5 ampere-hour cathodes.  
Table 1, Appendix I gives  t he  c o l l e c t e d  and ca l cu la t ed  d a t a  f o r  
t h e  62.5 A-Hr  e l e c t r o d e s .  These t e s t s  a r e  numbered 300, 301, 304, 309 and 
316. S imi la r ly ,  f o r  t h e  83.5 A-Hr  e l ec t rodes ,  they  a r e  numbered 294, 296, 
297, 306, and 307. The vol tage  vs .  time curves f o r  t h e  62.5 ampere-hour 
cathodes a r e  shown i n  Figure 5  and f o r  t h e  83.5 ampere-hour cathodes i n  
Figure 6. 
A f t e r  cons ider ing  t h e  r e p r o d u c i b i l i t y  and average of t h e  r e s u l t s  
f o r  t h e  71.5 ampere-hour cathodes, it became apparent  t h a t  t h e s e  q u a n t i t i e s  
were much h igher  t h a n  expected. Severa l  a d d i t i o n a l  c e l l s  of t h i s  capac i ty  
(71.5 A-hrs) were cons t ruc ted  and t e s t e d .  These t e s t s  were numbered 317 and 
319 and t h e  r e s u l t s  a r e  given i n  Table 1, Appendix I. The vol tage  vs  time 
curves f o r  t hese  two t e s t s  a r e  shown i n  Figure 7 .  
I n  each cathode-capacity s e r i e s  it oan be observed t h a t  one run  
s tands  out as not  being p a r t  of t h e  main group of d a t a .  Each of t h e s e  t e s t s  
were dropped when c a l c u l a t i n g  t h e  group averages and average dev ia t ions .  On 
t h i s  b a s i s  t h e  d a t a  f o r  each cathode capac i ty  s e r i e s  were ca l cu la t ed  and a r e  
shown i n  Table 3 .  
Table 3" 
Average Data Comparison f o r  D i f f e ren t  Cathode Capaci t ies  
Avg. Cathode Avg. C e l l  Avg. Cathode Avg. C e l l  
Capacity Li fe  U t i l i z a t i o n  Output 
( ~ m p - ~ r s  ) ( H r s  ) (%I (Amp- H r s  ) 
62.47 f0.15 157.7 f 3.2 84.37 '1.73 52.7 21.1 
71.55 ?O.10 169.3 f12 .9  79.09 26.11 56.7 54.6 
82.87 20.05 188.2 5 2 . 8  75.86 '1.16 62.9 f 0 . 9  
*Average of four  c e l l s  i n  each cathode capac i ty  s e r i e s .  
I f  t h e  average cathode input  capac i ty  i s  p l o t t e d  a g a i n s t  t h e  a c t u a l  
c e l l  output  i n  ampere-hours, it i s  seen  i n  Figure 8  t h a t  a s t r a i g h t  l i n e  
r e l a t i o n s h i p  e x i s t s .  The des ign  point  f o r  t h e  oathode w a s  a 50 ampere-hour 
output .  The t e s t i n g  d id  not encompass t h i s  value but t h e  lowest cathode 
output capac i ty  w a s  only g r e a t e r  by 2.7 ampere-hours. Ext rapola t ion  of t he  
curve t o  t h e  des ign  point  (50 ampere-hours ou tpu t )  i n d i c a t e s  t h a t  a 57.1 ampere- 
hour cathode input  i s  r equ i r ed .  However, cons ider ing  a l s o  t h e  average devia-  
t i o n s  experienced on these  t e s t s ,  a cathode input  capac i ty  g r e a t e r  t h a n  57.1 
ampere-hours would be requi red  t o  guarantee a 150 hour l i f e  a t  t h e  nominal 
duty cyc l e .  To meet t h i s  running time s p e c i f i c a t i o n  of t h e  c e l l  r e l i a b l y  a 
nominal 61.0 ampere-hour cathode capac i ty  i npu t  was chosen. 
It i s  i n s t r u c t i v e  t o  note i n  Figure 9, where t h e  cathode inpu t  cap- 
a c i t y  is  p l o t t e d  a g a i n s t  t h e  percent  cathode u t i l i z a t i o n ,  t h a t  t h e  percent  
u t i l i z a t i o n  decreases  markedly as t h e  cathode capaoi ty  increases .  The only 
v a r i a b l e  allowed t o  f l u c t u a t e  dur ing  t h e  prepara t ion  of t he  cathodes i s  i t s  
he igh t .  That i s  t o  say t h a t  t h e  he ight  of a h igher  capac i ty  cathode w i l l  be 
g r e a t e r  t han  lower capac i ty  cathodes. I n  view of t h i s ,  the  t rend  i n  Figure 9  
i s  q u i t e  reasonable f o r  a t  l e a s t  two reasons :  
(A) React ion produc ts ,  such as Li 0, a r e  t r apped  i n  t h e  cathode 2 
pores  and cannot  d i f f i s e  t o  t h e  bulk e l e c t r o l y t e  r a p i d l y  
enough t o  p reven t  f r e e z i n g  of t h e  e l e o t r o l y t e  i n  t h e  e l e c t r o d e .  
(B)  E l e c t r o l y t e  d i f f u s i o n  i n t o  a t h i c k  oathode i s  t o o  slow and t h e  
deepe r  p a r t s  o f  t h e  cathode become e l e c t r o l y t e  s t a r v e d .  
Both of  t h e s e  r ea sons  may be r a m i f i c a t i o n s  of t h e  same p r i n c i p l e .  Th i s  d a t a  
i n d i c a t e s  t h a t  t h e  t h i n n e s t  p o s s i b l e  cathode s t r u c t u r e  would be most d e s i r -  
a b l e  t o  a t t a i n  h igh  oathode u t i l i z a t i o n s  r e s u l t i n g  i n  a l i g h t e r  weight c e l l .  
P h y s i c a l  P r o p e r t i e s  of  Cathodes 
A t  t h i s  s t a g e  of  t h e  work, t h e  most advantageous copper  need le  s i z e  
(3 m i l )  had been s e l e o t e d  f o r  t h e  cathode f a b r i c a t i o n  and t h e  p roper  cathode 
i n p u t  c a p a o i t y  had been determined (61.0  ampere-hours) t o  d e l i v e r  a 50 ampere- 
hour  c e l l  ou tpu t .  D e f i n i t i o n  of  t h e  phys ioa l  p r o p e r t i e s  of  t h e  cathode w a s  
begun s o  t h a t  a q u a l i t y  c o n t r o l  procedure  could be a p p l i e d  t o  t h e  cathode 
f a b r i c a t i o n .  A s  shown i n  t h e  q u a l i t y  c o n t r o l  program i n  Appendix 111, t h e  
d iamete r  of t h e  ca thodes  was c o n t r o l l e d  i n  a l l  t e s t s .  The he igh t ,  and oonse- 
quen t l y  t h e  bu lk  d e n s i t y ,  w a s  a l lowed t o  vary  acco rd ing  t o  t h e  normal f a b r i -  
c a t i o n  method. Every cathode manufaotured, however, had i t s  t h i c k n e s s  and 
d e n s i t y  measured and recorded  as s t anda rd  p r a c t i c e .  The phys ioa l  p rope r ty  
t e s t i n g  d i s c u s s e d  below i s  a n  a t t e m p t  t o  d e f i n e  a p p r o p r i a t e  parameters  t h a t  
w i l l  r e s u l t  i n  r ep roduo ib l e  cathode f a b r i c a t i o n .  
Five d i f f e r e n t  phys ioa l  p r o p e r t i e s  were s e l e o t e d  f o r  s t u d y :  
(A)  Bulk d e n s i t y  
( 8 )  B. E. T. t r u e  s u r f a c e  a r e a  by N2 a d s o r p t i o n  
(c)  Pore s i z e  d i s t r i b u t i o n  by Hg i n t r u s i o n  
( D )  Modulus of r u p t u r e  
(E) Compression s t r e n g t h .  
Each o f  t h e s e  t e s t s  is d i s c u s s e d  more f u l l y  below. 
Bulk Density 
Ten (10) cathodes of a nominal 61.0 ampere-hour capac i ty  were con- 
s t r u c t e d  by t h e  normal f a b r i c a t i o n  technique descr ibed  e a r l i e r  and i n  
Appendix 111. No ex t r ao rd ina ry  precaut ions were taken  dur ing  f a b r i c a t i o n  
s ince  these  t e s t s  were meant t o  def ine  the  normal f a b r i c a t i o n  l i m i t s  dur ing  
t h e  cons t ruc t ion .  The maximum and minimum diameters  and he igh t s  of each 
e l ec t rode  were measured wi th  c a l i p e r  and micrometer and a n  average he ight  
and diameter  w a s  recorded.  The e l ec t rode  was weighed on a n  a n a l y t i c a l  balance 
t o  11 mg. The c a l i p e r s  used a r e  a b l e  t o  measure t o  0.001". The numbers were 
used t o  c a l c u l a t e  t h e  bulk d e n s i t y  of each cathode. The r e s u l t s  of t hese  
c a l c u l a t i o n s  a r e  shown i n  Table 4. 
Table 4 
Density Var i a t ion  of 61  Am~ere-Hour Cathodes 
Elec t rode  Cathode Capacity Density 
Number (~mp-  ~r s ) (GMS/CC ) 
The average d e n s i t y  and average d e v i a t i o n  ca l cu la t ed  from Table 4 is, respec- 
t i v e l y ,  3.28 b0.08 g/cc.  Probably a  more acceptab le  measure of p rec i s ion  i s  
2 
t h e  s tandard d e v i a t i o n  of a s i n g l e  point  (o), defined as sigma = (z Di / (N-1)  
l1l2, where D i  i s  t h e  d e v i a t i o n  of t he  point  from the  a r i t h m e t i c a l  mean and N 
is  t h e  number of samples measured. On t h i s  b a s i s  11 sigma w i l l  encompass 
approximately two- th i rds  of t h e  measured samples. One sigma f o r  t h i s  s e t  of 
measurements i s  0.10 grams/cc i n d i c a t i n g  t h a t  any e l ec t rodes  f a b r i c a t e d  with 
d e n s i t i e s  ou ts ide  t h e  range 3.18-3.38 should be r e j e c t e d .  
B. E. T. Surface Area 
The second technique examined t o  de f ine  q u a l i t y  c o n t r o l  t o l e r ances  
f o r  t h e  CuO cathode w a s  t o  measure t h e i r  su r f ace  a r e a  by t h e  Brunauer, Ernmet 
and T e l l e r  gas a d s o r p t i o n  (B. E. T . )  method. The same t e n  samples that were 
used f o r  t h e  bulk d e n s i t y  de te rmina t ion  were s e n t  t o  t he  Coors Spectrochemical 
h b o r a t o r y  i n  Golden, Colorado f o r  t h i s  s tudy .  Approximately 2-3 gram samples 
were t aken  from t h e  e l ec t rode  and de-gassed under a h igh  vacuum a t  room tem- 
pe ra tu re  f o r  24 hours .  The adsorbed gas used w a s  n i t rogen .  Af t e r  t h e  pre- 
t rea tment ,  t h e  su r f ace  a r e a  de te rmina t ion  was conducted and t h e  r e s u l t s  a r e  
shown i n  Table 5.  The e l ec t rode  numbers correspond d i r e c t l y  t o  those i n  Table 
4. 
Table 5 
B. E. T. Surface Areas of Cathodes 
Elec t rode  
Numbe r 
Surface Area 
Meters 2 / ~ ~  
Comparison of t h e  d a t a  of Tables  4 and 5 i n d i c a t e s  t h a t  a rough 
c o r r e l a t i o n  e x i s t s  between these  two parameters.  However, t h e  d a t a  a r e  s o  
s c a t t e r e d  t h a t  a q u a l i t y  c o n t r o l  measure cannot be der ived  from it. The s u r f m e  
a r e a s  o f  t h e  CuO cathodes  a r e  s o  low t h a t  t hey  approach t h e  minimum s e n s i -  
t i v i t y  of t h e  B. E. T. method. Th i s  method w a s  u s e f u l  i n  de te rmin ing  t h e  
magnitude of t h e  e l e c t r o d e  s u r f a c e  a r e a  bu t  appea r s  t o  be a poor c r i t e r i o n  
f o r  q u a l i t y  c o n t r o l  of t h e  e l e c t r o d e  f a b r i c a t i o n .  
Pore S i z e  D i s t r i b u t i o n  
S ince  t h e  cathodes  a r e  f a b r i c a t e d  from t h i n  copper w i r e s  s i n t e r e d  
t o g e t h e r ,  t h e  r e s u l t i n g  CuO e l e c t r o d e  i s  very  porous, approx imate ly  47-50 
percen t  of t h e  cathode volume be ing  due t o  pore volume. The method of  
f a b r i c a t i o n  would a l s o  sugges t  t h a t  a range of pore s i z e s  would e x i s t  bu t  
t h a t  a predominant range of  pore s i z e s  would be exper ienced i n  which t h e  
m a j o r i t y  of  t h e  pore volume would r e s i d e .  On a p h y s i c a l  ba s i s ,  it would seem 
t h a t  a n  e l e c t r o d e  composed o f  r e l a t i v e l y  l a r g e  pore s i z e s  would perform w e l l  
s i n c e  d i f f u s i o n  of r e a c t i o n  produc ts  away from t h e  e l e c t r o d e  and f r e e  e l e c -  
t r o l y t e  i n t o  t h e  e l e c t r o d e  would be f a s t e r .  
To d e f i n e  our  cathode more c l o s e l y  i n  t h i s  r e spec t ,  t e n  (10) c a th -  
odes o f  a nominal 61  ampere-hour c a p a c i t y  were supp l i ed  t o  t h e  American 
Ins t rument  Company, S i l v e r  Spr ing,  Md. t o  determine t h e i r  pore s i z e  d i s t r i -  
b u t i o n  by mercury i n t r u s i o n .  S e v e r a l  p re l iminary  pore -s ize  d i s t r i b u t i o n  
t e s t s  were made t o  determine whether t h e  mercury would amalgamate w i t h  t h e  
CuO. These t e s t s  showed no evidence of t h e  IIg a f f e c t i n g  t h e  CuO through  t h e  
d u r a t i o n  of  t h e  measurement. The samples f o r  t he se  t e s t s  were t a k e n  ou t  of 
t h e  e x a c t  c e n t e r  of t h e  e l e c t r o d e  and weighed 1 . 3  t o  1 . 5  grams. A t y p i c a l  
r e s u l t  of  t h e s e  t e s t s  i s  shown i n  F igure  10  and some d a t a  c a l c u l a t e d  from 
t h e s e  curves  a r e  g iven  i n  Table 6 .  
Table 6 
Percent  Pore Volume Between 1 and 30 p 
Electrode % Pore Volume Bulk Density 
Number 1-30 p, (00) (GMS/CC 
The c a l c u l a t e d  average of t h e  pore volume between 1 and 30 microns 
i s  70.0% of t h e  t o t a l  pore volume. One s tandard  d e v i a t i o n  (0) f o r  a n  ind i -  
v i d u a l  de t e rmina t ion  is 5.9%. Accepting t h e  d e v i a t i o n  of fo as a  usable  
cathode, t h i s  s e t s  t he  q u a l i t y  c o n t r o l  range of cathode acceptance between 
64.1 and 75.9% of t h e  t o t a l  pore volume e x i s t i n g  between 1 and 30 p  pore 
d iameters .  
I n  previous d i scuss ion  it was seen  t h a t  good c o r r e l a t i o n  i s  present  
between accep tab le  bulk d e n s i t y  range and the  pore volume between 1 and 30 p. 
Table 6 shows t h a t  e l e c t r o d e s  27, 32 and 30 would be r e j e c t e d  on the  b a s i s  of 
bulk d e n s i t y .  These same e l e c t r o d e s  p lus  number 23 would be r e j e c t e d  on t h e  
b a s i s  of pore volume. Elec t rode  23 i s  a t  t h e  lowest  l i m i t  of acceptance on 
t h e  bulk d e n s i t y  b a s i s .  It appears  t h a t  e l e c t r o d e s  being accepted from bulk 
d e n s i t y  t e s t s  w i l l  a l s o  be acceptab le  from t h e  pore s i z e  measurement d e t e r -  
m i n a t  ions .  
Refer r ing  t o  t h e  t y p i c a l  curve i n  Figure 10  it can gene ra l ly  be 
observed t h a t  s t e e p  s lop ing  s e c t i o n s  a r e  present  f o r  each pore s i z e  d e t e r -  
minat ion.  The s lope  a t  any poin t  on t h e  curve, i . e . ,  t h e  change of pore 
volume per  decade of pressure,  i s  d i r e c t l y  r e l a t e d  t o  t he  number of pores 
of a s p e c i f i c  diameter .  A p l o t  of t h e  s lope  vs  t h e  pore diameter,  shown i n  
Figure  11, f o r  e l e c t r o d e  number 24 i n d i c a t e s  two maxima. T h i s  a n a l y s i s  i n d i -  
c a t e s  t h a t  two predominant pore  s i z e  r e g i o n s  a r e  p r e s e n t .  For t h i s  p a r t i c u l a r  
e l e c t r o d e  t h e  maxima occur  a t  3  p and 30 p. T h i s  i s  no t  t o o  s u r p r i s i n g  s i n c e  
t h e  copper  need l e s  a r e  h o r i z o n t a l l y  d i s t r i b u t e d  randomly, t h u s  c o n t r i b u t i n g  
one predominant pore  s i z e .  It has  a l s o  been observed t h a t  a f t e r  t h e  3  m i l  
copper w i r e s  have been ox id ized  t o  c u p r i c  oxide,  t h e y  a r e  i n v a r i a b l y  hollow, 
i . e . ,  a tube of  CuO i s  produced from a rod  of  copper.  Th i s  phenomenon suppo r t s  
t h e  t heo ry  t h a t  t h e  copper  must migra te  from t h e  c e n t e r  t o  t h e  s u r f a c e  t o  be 
ox id ized .  I n  t h i s  way a second major pore s i z e  is  expected t o  appea r  i n  t h e  
pore s i z e  d i s t r i b u t i o n  t r a c e .  
The d i ame te r s  of  t h e  two major po re  s i z e s  suppor t  t h e  s e l e c t i o n  of  
t h e  range 1-30 p f o r  t h e  q u a l i t y  c o n t r o l  r eg ion .  
Modulus of  Rupture 
The prev ious  q u a l i t y  c o n t r o l  t e s t s  have been c h i e f l y  des igned  t o  
d e s c r i b e  p r o p e r t i e s  o t h e r  t h a n  s t r u c t u r a l .  I n  o r d e r  t o  e s t a b l i s h  a re -  
producible  and dynamical ly  s t r o n g  e l e c t r o d e ,  t h e  fo l lowing  two t e s t s  were 
a p p l i e d .  
The "modulus o f  r up tu r e "  t e s t s  were performed t o  a-scer ta in  t h e  
r eg ion  i n  which t h e  e l e c t r o d e  could be expected t o  break.  A f i x t u r e  w a s  
des igned  f o r  t h i s  purpose and is  shown i n  F igure  12 .  The e l e c t r o d e  w a s  sup- 
por ted  at two p i v o t  edges be ing  1.400 i nches  apart. The c e n t e r  of  t h e  e l e c -  
t r o d e  w a s  pos i t i oned  e q u i - d i s t a n t  between t h e  two p i v o t s .  Three d i f f e r e n t  
shaped p i v o t s  were examined : (A)  wedge, (B)  s emi - c i r cu l a r ,  0.188" r a d i u s  and 
(c) s emi - c i r cu l a r ,  0.376" r a d i u s .  The c r i t e r i o n  of  a c c e p t a b i l i t y  f o r  t h e  
p i v o t s  was whether t h e  p i v o t  caused any c ru sh ing  of t h e  e l e c t r o d e  under  t h e  
fo r ce  r equ i r ed  t o  b reak  t h e  e l e c t r o d e .  The rup ture -p lunger  used i n  a11 
c a s e s  was a wedge t h a t  w a s  pos i t i oned  p a r a l l e l  t o  t h e  p i v o t s  and i n t e r s e c t i n g  
t h e  c e n t e r  of t h e  e l e c t r o d e .  A number o f  "blank" t e s t s  were conducted t o  
e v a l u a t e  t h e  a p p l i c a b i l i t y  of  t h e  p i v o t s .  T e s t i n g  was begun w i th  t h e  wedge 
shaped p ivo t s .  A hand-operated press ,  p r ev ious ly  c a l i b r a t e d  w i th  a n  a c c u r a t e  
D i l l o n  gage, w a s  used t o  app ly  a f o r c e  t o  t h e  rup ture -p lunger .  Force was 
a p p l i e d  u n t i l  t h e  e l e c t r o d e  rup tured ,  a t  which t ime t h e  r u p t u r e  f o r ce  was 
noted.  The e l e c t r o d e s  were t h e n  examined t o  determine whether t h e  p i v o t s  
caused any degrada t ion  of t h e  e l ec t rode  a t  t h e i r  po in t  of con tac t .  The wedge 
p ivot  caused a  very d e f i n i t e  r i dge  on t h e  e l ec t rode ,  r e s u l t i n g  i n  some com- 
p re s s ion  and crumbling. The t e s t  w a s  repea ted  us ing  t h e  sma l l e r  semi-cir-  
c u l a r  wedge. No d e l e t e r i o u s  e f f e c t s  were observed wi th  t h i s  p ivo t .  Fur ther  
t e s t i n g  wi th  t h e  l a r g e r  semi-c i rcu lar  p ivot  caused some crumbling of t h e  
cathode a t  i t s  po in t  of c o n t a c t ;  but  more important,  t h e  rup tu re  of t h e  e lec-  
t r o d e  d i d  not  occur a long  t h e  l i n e  of t h e  rupture-plunger  wedge. The eleo-  
t r o d e  i n v a r i a b l y  ruptured  t o  give more t h a n  two p ieces .  This  i n d i c a t e s  that 
s t r a i n  f o r c e s  a r e  r a d i a t i n g  i n  d i r e c t i o n s  o the r  t h a n  a long  t h e  wedge of t he  
rupture-plunger .  Th i s  can be t r aced  back t o  s l i g h t  i r r e g u l a r i t i e s  i n  t h e  
su r f ace  (bottom) of t h e  cathode and t h e  p ivo t  r a d i u s  i s  l a r g e  enough t o  
support  t h e  fo rce  over a number of t h e s e  i r r e g u l a r i t i e s  causing a s t r a i n  i n  
t h e s e  d i r e c t i o n s .  
Of t h e  t h r e e  p ivo t s  examined, t h e  wedge and l a r g e  semi-c i rc le  was 
e l imina ted  from f u r t h e r  u se .  The small semi-c i rc le  p ivot  w a s  accepted f o r  
f u r t h e r  use,  no t  n e c e s s a r i l y  as a process  of e l imina t ion ,  but r a t h e r  t h a t  
t h e  i n i t i a l  t e s t s  i nd ica t ed  it t o  be a very s a t i s f a c t o r y  p ivo t .  
The f i x t u r e  was completely cons t ruc ted  from s t e e l  p a r t s .  The 
spr ing ,  used t o  keep t h e  rupture-plunger  from s t r i k i n g  t h e  base p l a t e ,  w a s  
c a l i b r a t e d  a t  t h e  e l e c t r o d e  he ight  and co r rec t ed  f o r  i n  t he  f i n a l  fo rce  
readings .  
S i x  e l e c t r o d e s  were subjec ted  t o  t h i s  t e s t .  A l l  e l e c t r o d e s  were 
of a nominal 61 ampere-hour capac i ty .  The modulus of rupture  d a t a  is 
c o l l e c t e d  below i n  Table 7. The average of t h e  rup tu re  fo rces  g ives  478 
pounds wi th  a n  average d e v i a t i o n  of f57 pounds. Using 1.5 t imes  t h e  average 
d e v i a t i o n  as a r e j e c t i o n  f a c t o r ,  e l e c t r o d e s  number 25 and 35 should be re -  
j ec t ed  s ince  they  d o n ' t  r ep re sen t  a good p rec i s ion .  Reca lcu la t ing  t h e  average 
a f t e r  e l i m i n a t i n g  e l e c t r o d e s  25 and 35 g ives  a n  average of 505 pounds as t h e  
average rup tu re  fo rce .  
Table 7 
Modulus of Rupture Data 
Electrode Modulus of Rupture Density 
Number ( Ids (GMS/CC) 
25 570 3.30 
2 6  4  90 3.26 
35 2  80 3.13 
3  6 5  40 3.20 
3 7 460 3.00 
38  5  30 3.03 
On t h e  b a s i s  of t h e  fou r  aocepted t e s t s ,  a s tandard  d e v i a t i o n  of 37 l b s .  is  
ca l cu la t ed .  Again applying t h e  s tandard  dev ia t ion  of fo as a n  acceptab le  
rup tu re  t e s t ,  t h e  range of a c c e p t a b i l i t y  is 468-542 l b s .  Since t h i s  is  a 
d e s t r u c t i v e  t e s t ,  it becomes impossible t o  apply t h e  t e s t  t o  t h e  a c t u a l  
e l ec t rode  t o  be used i n  t h e  thermal  c e l l .  The t e s t  does def ine  a d e s i r a b l e  
rupture  range but  i t s  use fu lnes s  and a p p l i c a t i o n  a r e  s e r i o u s l y  hindered 
(except f o r  random sampling procedures) . To make t h i s  t e s t  u se fu l ,  it would 
have t o  be r e l a t e d  t o  a non-destruct ive t e s t ,  suoh as bulk d e n s i t y .  The 
bulk d e n s i t y  of each e l ec t rode  i s  a l s o  given i n  Table 7 .  No d e f i n i t e  cor- 
r e l a t i o n  appears  t o  e x i s t  between t h e  modulus of rupture  and t h e  d e n s i t y .  
It might reasonably be expected t h a t  such a c o r r e l a t i o n  would e x i s t  and more 
in t ens ive  t e s t i n g  might show t h i s  t r e n d .  
Com~ress ion  Tes t s  
The cathode compression t e s t s  a r e  a g a i n  t e s t s  t o  s tudy  t h e  sta- 
b i l i t y  of t h e  cathode s t r u c t u r e .  The t e s t ,  being a d e s t r u c t i v e  one, is  
meant t o  e s t a b l i s h  t h e  degree of compression a n  e l ec t rode  can t o l e r a t e  and 
s t i l l  be a usable  e l ec t rode .  
The compression t e s t s  were performed wi th  t h e  same f i x t u r e  as t h a t  
used f o r  t h e  modulus of rupture  exoept t h a t  t he  wedge shaped rupture  plunger 
w a s  rep laced  by a compression plunger as descr ibed  i n  Figure 13.  The com- 
p re s s ion  head t h a t  s e a t s  a g a i n s t  t h e  e l ec t rode  i s  a rod 1/4" i n  diameter  
wi th  a machined f l a t  face .  I n  t h i s  t e s t  t h e  e l ec t rode  is s e t  f l a t  on t h e  
f i x t u r e  base dur ing  t h e  t e s t .  
Two cond i t i ons  were examined i n  t h i s  t e s t .  I n  t h e  f i r s t  case t h e  
plunger was very c a r e f u l l y  placed on the  e l ec t rode  su r f ace  and pressure w a s  
a p p l i e d  s lowly.  A t  t he  f i r s t  v i s i b l e  evidence of su r f ace  f r a c t u r e ,  t h e  fo rce  
w a s  noted.  For t h e  second condit ion,  fo rce  was a p p l i e d  t o  t h e  plunger u n t i l  
it had been pushed 0.063 inches  i n t o  t h e  e l ec t rode  su r f ace .  The r e s u l t s  of 
t h e s e  t e s t s  on s i x  cathodes of a 61 ampere-hour capac i ty  a r e  given below i n  
Table 8. 
Table 8  
Resul t s  of Compression Tes t s  
Elec t rode  Surface Frac ture  Force a t  0.063'' Density 
44 530 980 3.10 
The r e s u l t s  show t h a t  t hese  e l e c t r o d e s  a r e  very s tu rdy .  No v i s u a l  
evidence of compression occurs  u n t i l  500 pounds of fo rce  i s  app l i ed  and 
n e a r l y  twice t h i s  fo rce  i s  requi red  t o  cause a 0.063" depress ion .  
I n  a gene ra l  way, a c o r r e l a t i o n  e x i s t s  between t h e  sur face  f r a c t u r e  
fo rce  and t h e  bulk d e n s i t y .  The t h r e e  lowest bulk d e n s i t y  cathodes had t h e  
t h r e e  lowest  su r f ace  f r a c t u r e  force  while t h e  t h r e e  most dense e l e c t r o d e s  a l l  
i n d i c a t e d  a su r f ace  f r a c t u r e  force  of 580 pounds. 
Summary of Phys ica l  Property T e s t s  
Only two of t h e  f i v e  phys ica l  proper ty  t e s t s  examined can be oon- 
s ide red  non-destruct ive.  A non-destruct ive t e s t  i s  a powerful q u a l i t y  o o n t r o l  
measure because it can be appl ied  t o  t h e  a c t u a l  components being used. The 
two t e s t s  mentioned above a r e  ( A )  bulk d e n s i t y  and (B) B. E.  T .  su r f ace  a r e a  
measurement. The bulk d e n s i t y  measurement is  t h e  m o s t  app l i cab le  t e s t  t h a t  
can e a s i l y  be app l i ed  t o  each e l ec t rode .  I n  general ,  it appears  t h a t  if a n  
e l ec t rode  is accepted on the  bulk d e n s i t y  t e s t ,  it w i l l  be acceptab le  i n  pore 
s i z e  d i s t r i b u t i o n ,  modulus of rupture  and compression. B. E. T. de te rmina t ion  
of t r u e  sur face  a r e a  i s  t o o  i n s e n s i t i v e  f o r  t hese  small a r e a s  t o  be a  good 
non-destruct ive q u a l i t y  oon t ro l  method. 
The t h r e e  d e s t r u c t i v e  t e s t s ,  i . e . ,  pore s i z e  d i s t r i b u t i o n ,  modulus 
of rupture  and compression, cannot be used as a 100% sampling q u a l i t y  oon t ro l  
method but could be used as a n  acceptance t e s t  on a batch b a s i s .  I f  a ba tch  
i s  f i r s t  q u a l i t y  con t ro l l ed  by bulk d e n s i t y  t e s t s  and t h e  r e s u l t i n g  e l e c t r o d e s  
considered as a batch, t hen  t h e  d e s t r u c t i v e  t e s t s  could be app l i ed  t o  a random 
sampling, e.g. ,  10% sampling of a batch.  Observing t h e  a c c e p t a b i l i t y  of a n  
e l ec t rode  i f  it f a l l s  w i th in  one o of t h e  mean, t hen  t h e  range of acceptance 
w i l l  be as summarized below. 
Bulk d e n s i t y  --- 3.18 t o  3.38 G/CC 
Percent  pore volume 
between 1-30 p --- 64.1 t o  75.9% 
Modulus of rupture  - - - 468 t o  542 pounds 
Compression force  - - -e 489 t o  587 pounds 
It can  be reasoned f u r t h e r  t h a t  cathodes having d e n s i t i e s  ranging 
from 2.0 t o  4.3 GMS/CC have not  shown a n  average poorer  performance t h a n  
cathodes having t i g h t l y  con t ro l l ed  bulk d e n s i t i e s .  The major reason  f o r  
main ta in ing  a c lose  to l e rance  on t h e  bulk d e n s i t y  i s  t o  oon t ro l  t h e  he ight  of  
t h e  cathode. Since t h e  cathode r e t a i n e r  r i n g  is welded i n t o  the  case before 
t h e  cathode i s  assembled on t h e  r ing,  it cons iderably  f a c i l i t a t e s  f a b r i c a t i o n  
i f  t h e  cathode r e t a i n e r  r i n g  can be l oca t ed  a t  a  s tandard d i s t ance  from t h e  
c e l l  bottom. Otherwise eaoh cathode must be matohed t o  a p a r t i c u l a r  oase 
so  t h a t  a t i g h t  f i t t i n g  oathode oonneotion i s  achieved.  From t h i s  s tand-  
po in t  it i s  b e n e f i o i a l  t o  o o n t r o l  t h e  cathode bulk d e n s i t y  r a t h e r  c l o s e l y .  
No t r u e  experimental  c o r r e l a t i o n  has been made between c e l l  performanoe and 
any of t h e  d e s t r u c t i v e  t e s t s .  
Based on t h e s e  oons idera t ions ,  bulk d e n s i t y  w i l l  be c o n t r o l l e d  t o  
t h e  to l e ranoe  mentioned but no a t tempt  w i l l  be made t o  measure the  o t h e r  
phys i ca l  p r o p e r t i e s  as a q u a l i t y  c o n t r o l  s p e c i f i c a t i o n .  
3 .2.2 Anode Conneotors 
I n  a c e l l  t h a t  must opera te  f o r  a period of 150 hours it is  p a r t i c u l a r l y  
important  t h a t  t h e  i n t e r n a l  e l e o t r i c a l  oonneotion of t h e  e l e c t r o d e s  t o  t h e i r  
t e rmina l s  remain i n t a c t .  The main conoern d e a l s  wi th  t h e  anode s ince  the  
cathode oonneotion is  made d i r e o t l y  t o  t h e  o e l l  case .  The anode i s  i n s u l a t e d  
from t h e  case by us ing  a ceramic t e rmina l  s e a l .  A connector must be provided 
through which t h e  anode i s  oonneoted t o  t h e  te rmina l .  
A l l  c e l l  t e s t s  conduoted f o r  t h e  f i r s t  15 months had been made us ing  a 
n i c k e l  200 anode oonneotor m a t e r i a l .  This  enoompassed about  250 i n d i v i d u a l  
t e s t s .  No v i s i b l e  evidence has been observed du r ing  t h e s e  t e s t s  that t h e  
n ioke l  i s  a t t a c k e d  by t h e  c e l l  components. 
The jo in ing  method used dur ing  t h i s  time has been a screw oonneotion. 
The magnesium anode i s  t a p - d r i l l e d  and threaded.  I n  a similar manner t h e  
n ioke l  connect ing rod i s  threaded .  By t i g h t l y  sorewing t h e  n i c k e l  conneotor 
rod i n t o  t h e  magnesium, a r e l i a b l e ,  t roub le - f r ee  j o i n t  i s  made. Over t h e  
period of use of t h i s  conneotor m a t e r i a l  and jo in ing  method, not  one o e l l  
f a i l u r e  could be a t t r i b u t e d  t o  a n  anode disoonneot o r  any o t h e r  reason  
r e l a t e d  w i t h  t h e  m a t e r i a l  o r  j o in ing  method. 
To oomplete t h e  oonneotor study, t h r e e  oomplete c e l l s  were oonsSrusted 
us ing  n i c k e l  200 anode oonnectors and t h e  anode joined t o  t h e  oonneotor by 
t h e  screw technique desoribed above. A f t e r  t hese  c e l l s  had been e l e c t r o -  
ohemioally discharged aocording t o  t he  s p e o i f i o a t i o n  given i n  Seot ion  3.1.1, 
e l e c t r o l y t e  samples were taken from each and analyzed q u a n t i t a t i v e l y  f o r  
dissolved n ickel .  The r e s u l t s  of these  analyses  a r e  given i n  Table 9. 
Table 9 
Anode Connector Studv-Electrolvte Analvsis f o r  N i  
Test  N i N i  Avg. Rate of 
Number ( )  (GMS ~ o t a l )  Dissolu t ion  (GMS/HR) 
The c e l l  l i f e ,  and consequently the  time t h e  c e l l s  were i n  the  molten 
s t a t e ,  were: Test  272 - 117 hrs ,  t e s t  273 -- 73.4 hrs ,  and t e s t  274 -- 
163.2 h r s .  From the  f irst  two t e s t s  it i s  seen t h a t  t h e  average r a t e  of 
s o l u t i o n  of n i c k e l  is about t h e  same while t e s t  274 shows a decreased r a t e .  
This  can be in t e rp re ted  t o  mean t h a t  t h e  e l e c t r o l y t e  becomes sa tu ra t ed  wi th  
n icke l  corros ion  product some time between 117 h r s .  and 163 h r s .  Judging 
from t h e  percent N i  found i n  t h e  e l e c t r o l y t e ,  s a t u r a t i o n  occurs near  t h e  117 
h r .  mark. It appears reasonable t o  accept  t h e  d i s s o l u t i o n  r a t e  of t h e  n i c k e l  
t o  be 0.0023 gms. ~ i / ~ r .  a t  t imes l e s s  than  t h e  time of sa tu ra t ion .  It is  
important t o  note t h a t  t h e  t h r e e  t e s t s  were conducted i n  a  c e l l  case con- 
s t r u c t e d  from n icke l  200. I f  it is assumed t h a t  t h e  d i s s o l u t i o n  r a t e  of t h e  
n icke l  is  d i r e c t l y  propor t ional  t o  i t s  a r e a  exposed t o  t h e  e l e c t r o l y t e ,  then  
it can be ca lcu la t ed  t h a t  only 52.2 gms/Hr i s  l o s t  from the  anode connector 
wi th  t h e  progressive l o s s  of n i cke l  from the  connector terminat ing at  the  
s a t u r a t i o n  time of 117 h r s .  The t o t a l  weight l o s s  from t h e  n icke l  anode 
connector would be 0.0061 gms. The above ca lcu la t ions  show t h a t  a n  ins ig-  
n i f i c a n t  quan t i ty  of n i cke l  is  l o s t  from the  anode connector and the re fo re  
t h a t  n i c k e l  makes a  very s a t i s f a c t o r y  connector ma te r i a l .  For the  second 
point  of inves t iga t ion ,  t h e  method of jo in ing  the  anode t o  t h e  connector i s  
very s a t i s f a c t o r y  based on t h e  l a rge  number of anode assemblies b u i l t  i n  t h i s  
manner without the  s l i g h t e s t  d i f f i c u l t y .  The jo in ing  method is  shown i n  a  
diagram i n  t h e  Q u a l i t y  Control Section, Appendix 111. 
3.2.3 Separa tor  Study 
Under NASA Contract  NAS 3-8517 it was shown t h a t  " ~ i t r o n - E "  was t h e  most 
s t a b l e  and e f f e c t i v e  sepa ra to r  t o  be used i n  a  long  l i f e  thermal  c e l l .  I n  
t h a t  con t r ac t  it w a s  a l s o  demonstrated t h a t  a s e p a r a t o r  w a s  necessary i n  a l l  
t h e  c e l l  t e s t s  conduoted under t h e  present  c o n t r a c t .  The bulk d e n s i t y  of t h e  
" ~ i t r o n - E "  has previously been determined t o  be 0 .01  gms/cc. 
There a r e  s e v e r a l  p r o p e r t i e s  of a sepa ra to r  t h a t  should be known s o  t h a t  
a n  optimum s e p a r a t o r  des ign  can be achieved.  The th i ckness  of t he  s e p a r a t o r  
t o  be used i n  a c e l l  t o  give optimum performance is  a bas ic  parameter. I n  
terms of s e p a r a t o r  r e s i s t ance ,  it is  d e s i r a b l e  t o  keep t h e  sepa ra to r  as t h i n  
as poss ib le  -to keep t h e  r e s i s t a n c e  con t r ibu t ion  smal l .  On t h e  o ther  hand 
t h e  s e p a r a t o r  must be t h i c k  enough t o  s i g n i f i c a n t l y  r e t a r d  t h e  flow of  oxi- 
dan t s  t o  t h e  anode su r f ace .  Another poin t  i n  f avo r  of maintaining a t h i n  
s e p a r a t o r  i s  t h a t  t h e  r e a c t i o n  product from the  anode ( ~ g ~ 1  ) should be 2 
allowed t o  e a s i l y  d i f f u s e  t o  t h e  e l e c t r o l y t e  bulk t o  prevent a n  inc rease  i n  
t h e  e l e o t r o l y t e  me l t i ng  po in t .  The fol lowing s e c t i o n s  present  d a t a  t o  
f a c i l i t a t e  t he  s e l e c t i o n  of a n  optimum sepa ra to r  t h i ckness .  
Sepa ra to r  Resis tance vs Thickness 
Four t h i cknesses  of bulk " ~ i t r o n - E "  were s tud ied  t o  determine t h e  
r e s i s t a n c e  con t r ibu ted  t o  a n  opera t ing  c e l l  due t o  t h e  sepa ra to r .  The fou r  
t h i cknesses  examined were : (A)  0.50 om, ( B )  1 ..00 om, (c) 1.50 om and 
(D)  2.00 om. A l l  t e s t s  i n  t h i s  s e c t i o n  were performed i n  dup l i ca t e .  
The most app l i cab le  method t o  examine t h e  e x t e n t  of r e s i s t a n c e  con- 
t r i b u t i o n  w a s  t o  use a c e l l  s t r u c t u r e  of t h e  same dimensions as used i n  a n  
a c t u a l  c e l l .  These t e s t s  were performed i n  a c e l l  s t r u c t u r e  t h e  same as shown 
i n  Figure 1. The magnesium anode was replaced by a n i c k e l  (grade 200) s l u g  of 
e x a c t l y  t h e  same dimensions as t h e  magnesium anode. The sepa ra to r  was app l i ed  
around t h e  n i c k e l  s l u g  i n  t h e  same manner as descr ibed  i n  t h e  Qua l i t y  Control  
Sect ion,  Appendix I11 f o r  t h e  magnesium anode. The same quan t i t y  of e l e c t r o l y t e  
w a s  used i n  a l l  t e s t s  and amounted t o  360.5 grams. 
Each t e s t  c e l l  was heated t o  8 0 0 ' ~  and one-half hour was allowed 
t o  reach  equi l ibr ium temperature.  The t e s t s  were conducted i n  a 100% n i t rogen  
atmosphere and r e s i s t a n c e  measurements were made wi th  a General Radio, Model 
1650A, conduct iv i ty  br idge .  No cathode was used i n  t h e  case but  r a t h e r  t h e  
r e s i s t a n c e  w a s  measured between t h e  n i c k e l  s l u g  and t h e  case .  
Two u n i t s  were construoted us ing  no sepa ra to r  m a t e r i a l .  These r e -  
s i s t a n c e  values were intended t o  serve  a s  a c a l i b r a t i o n  and base upon which 
t h e  r e s i s t a n c e  va lues  with s e p a r a t o r s  could be compared. In  a l l  ca ses  t h e  
r e s i s t a n c e  va lues  were recorded manually each  hour through t h e  work day f o r  
a period of 150 hours.  
Figure 1 4  shows t h e  r e s u l t s  of t hese  t e s t s  a s  compared t o  t h e  s t an -  
dard u n i t s  without  s epa ra to r s .  A s  can be seen  from t h e  f igu re ,  no conclusions 
a r e  ev ident  from t h e s e  r e s u l t s .  A l l  t h e  measurements f e l l  w i t h i n  a range of 
t0 .02 t o  -0.03 ohms of t h e  c e l l s  without s epa ra to r s .  One f a c t  t h a t  i s  obvious 
from t h e s e  r e s u l t s  i s  t h a t  t h e  s epa ra to r  c o n t r i b u t e s  very l i t t l e  r e s i s t a n c e  t o  
t h e  o v e r a l l  c e l l  assembly. I f  one ampere were drawn from t h e  c e l l ,  only 50 mv. 
of t h e  ope ra t ing  c e l l  vo l tage  would be l o s t  due t o  s e p a r a t o r  r e s i s t a n c e  
(assuming t h e  worst  poss ib le  case of 0.05Q s e p a r a t o r  t h i ckness  of "Vitron-E" 
s e p a r a t o r  up t o  2.0 om t h i c k  could be used without  exceeding a reasonable 
r e s i s t a n c e  l i m i t .  
C e l l  Tes t s  wi th  Various Separa tor  Thicknesses 
I n  o rde r  t o  optimize s e p a r a t o r  th ickness ,  t h r e e  complete c e l l s  were 
cons t ruc ted  f o r  each th i ckness  of s e p a r a t o r  mentioned i n  t h e  last s e c t i o n  
i . e . ,  1 2  c e l l s .  The c e l l s  were cons t ruc ted  according t o  t h e  procedure given 
i n  Appendix 111. The c e l l s  were then  t e s t e d  accord ing  t o  t h e  s tandard  t e s t  
s p e c i f i c a t i o n s  g iven  i n  Sec t ion  3.1.1. 
Typica l  d i scharge  curves a r e  shown i n  Figures  15-17 f o r  each s e r i e s  
of t e s t s  with t h e  var ious  th icknesses  of s epa ra to r .  The numerical d a t a  a r e  
given f o r  t e s t s  333-344 i n  Table 1, Appendix I. 
Table 10  
Separa tor  Cathode 1s .d.  C e l l  L i fe  Output Energy 
0.50 78.9 14.7 144.7 39.58 
1.00* 82.2 1 5 . 1  150.0 42.28 
1.50 87.9 9.4 160.7 49.82 
2.00 80.2 16.7 146.8 43.79 
*Average of  two b e s t  t e s t s .  
I n  each of t h e  ca t egor i e s  i n  Table 10, t h e  1 .5  om s e p a r a t o r  th ickness  
shows s u p e r i o r  r e s u l t s ,  and f u r t h e r  c e l l s  were cons t ruc ted  wi th  t h i s  t h i ckness  
s e p a r a t o r .  
Prevent ion of S e ~ a r a t o r  Crackinn 
Each c e l l  t e s t  t h a t  i s  conducted i s  post-mortemed t o  recover  t h e  
anode remains and t o  gene ra l ly  i n spec t  t h e  condi t ions  of t h e  "spent" c e l l .  
One d i s t u r b i n g  f a c t o r  t h a t  was present  i n  most cases  was t h a t  t h e  s e p a r a t o r  
w a s  cracked. The degree of c racking  va r i ed  from f i n e  h a i r l i n e  c racks  t o  
c a t a s t r o p h i c  f a i l u r e .  Various methods have been examined t o  e l imina te  t h i s  
phenomenon but  one d i f f i c u l t y  o r  ano the r  has precluded use  ofmethod t r i e d .  
The major reason  f o r  t h e  c racking  i s  t h a t  once t h e  s e p a r a t o r  has 
been s a t u r a t e d  wi th  molten e l e c t r o l y t e ,  20% con t r ac t ion  occurs  upon cool ing  
t o  room temperature.  One technique at tempted w a s  t o  do no p re - sa tu ra t ion  
of t h e  s e p a r a t o r  but t h i s  i nva r i ab ly  r e s u l t e d  i n  t h e  anode being i s o l a t e d  
from t h e  e l e c t r o l y t e  by a gas bubble, s e r i o u s l y  shor ten ing  t h e  c e l l  l i f e .  
P re - sa tu ra t ion  of t h e  s e p a r a t o r  appears  necessary but i n  most ca ses  t h e  
c racking  causes h igh  se l f -d ischarge  c u r r e n t s  and decreased cathode u t i l i -  
z a t i o n s  (decreased c e l l  l i f e ) .  
Another technique at tempted w a s  t o  p re - sa tu ra t e  t h e  s e p a r a t o r  and 
cool  it very slowly wi th  a subsequent annea l ing  s t a g e  f o r  16  hours.  This  
helped cons iderably  but  s t i l l  40% of t h e  post-mortems ind ica t ed  s e p a r a t o r  
cracking.  
The most succes s fu l  method t o  be found has been t o  use a  blank can 
(n i cke l  200) i n  which the  proper amount of s a l t  has  been melted, t h e  anode/ 
s e p a r a t o r  assembly i s  properly loca t ed  i n  t he  molten salt,  a  vacuum i s  drawn 
t o  remove the  a i r  bubbles from t h e  sepa ra to r  and f i n a l l y  t h e  whole u n i t  is  
allowed t o  cool  t o  room temperature.  The salt block formed around t h e  sep- 
a r a t o r  and appa ren t ly  d i s t r i b u t e d  any s t r a i n  throughout t h e  t o t a l  block. 
The r e s u l t  is  a crack-free salt  block conta in ing  360.5 gms of e l e c t r o l y t e  
wi th  t h e  anode/separator  assembly embedded i n  it. 
The twelve c e l l  t e s t s  conducted i n  t h e  s e p a r a t o r  s tudy  were con- 
s t r u c t e d  i n  t h i s  manner. Post-mortem of t h e  c e l l s  i nd ica t ed  t h a t  none of 
t h e  s e p a r a t o r s  had cracked. It appears  t h a t  f u t u r e  use of t h i s  technique 
w i l l  g ive more r e l i a b l e  c e l l s  wi th  longer  l i v e s  and low average s e l f - d i s -  
charge cu r r en t s .  
3 .2.4 E l e c t r o l y t e  
The composition of t h e  e l e c t r o l y t e  used throughout t h i s  s tudy w a s  59 
mole % LiCl - 41 mole % K C 1 .  The e l e c t r o l y t e  w a s  obtained from the  
Anderson's Physics  h b o r a t o r y ,  Champaign, Ill. and w a s  of a comparable 
q u a l i t y  a s  repor ted  i n  t h e  F i n a l  Report of Contract  NAS 3-8517 (CR-72361). 
The e l e c t r o l y t e  was prepared i n  accordance wi th  t h e  method of H. A.  h i t i n e n  
descr ibed  i n  t h e  Jou rna l  of t h e  Electrochemical Society,  104, 8, pp 516-519. 
E f fec t iveness  of t h i s  p r e p r a t i o n  w a s  ~ o n f i r m e d  by observa t ion  of t h e  char- 
a c t e r i s t i c  polarographic r e s i d u a l  cu r r en t  u s ing  a platinum microelectrode.  
The LiC1-KC1 melt used had no polarographic wave l e s s  t h a n  -2.6 v o l t s  v s .  
a  0 . 1  M ~t ( I I ) / P ~  re ference  e l ec t rode ,  and had a r e s i d u a l  cu r r en t  l e s s  t h a n  
s i x  microamperes a t  -2.5 v o l t s .  Each batch of e l e c t r o l y t e  was examined by 
t h e  Anderson Physics Labora tor ies  and c e r t i f i e d  t o  meet t hese  q u a l i t y  c o n t r o l  
s p e c i f i c a t i o n s .  
3.2.5 C e l l  Case 
C e l l  Case h t e r i a l  S e l e c t i o n  
A l l  enclosed f u l l  c e l l  t e s t s  conduoted under USA Contract NAS 3-8517 
were performed i n  copper No. 122 cases .  This  m a t e r i a l  contained 0.02% phos- 
phorous w i t h  a n  undetermined q u a n t i t y  of oxygen. Copper w a s  i n i t i a l l y  s e l e c t e d  
as a n  acceptab le  m a t e r i a l  s i n c e  t h e  r e a c t i o n  product of t h e  cathodic r e a c t i o n  
w a s  a l s o  copper, i . e . ,  CuO + 26- -, Cu 'I + o=. It w a s  reasoned t h a t  t h i s  m a t -  
e r i a l  could have no g r e a t e r  de t r imen ta l  e f f e c t  on the  c e l l  performance than  
would t h e  n a t u r a l  r e a c t i o n  product .  Copper was a l s o  known t o  have a low re-  
a c t i v i t y  wi th  t h e  LiC1-KC1 molten e l e c t r o l y t e  a t  8 0 0 ~ ~ .  The g r e a t e s t  d i f f i -  
c u l t i e s  experienced wi th  t h i s  case ma te r i a l ,  however, manifest  themselves i n  
welding t o  c r e a t e  a he rme t i ca l ly  s ea l ed  c e l l .  A r e l a t i v e l y  cold weld was 
requi red  so  t h a t  t h e  e l e c t r o l y t e  remained s o l i d  du r ing  t h e  s e a l i n g  procedure. 
Electron-beam welding provided t h e  app ropr i a t e  method but much d i f f i c u l t y  w a s  
experienced i n  forming hermetic  s e a l s .  The sma l l e s t  t r a c e s  of oxygen o r  
phosphorous i n  t h e  copper were vaporized dur ing  welding wi th  r e s u l t i n g  porous 
weld j o i n t s .  It became obvious t h a t  extremely pure copper was requi red  and 
t h a t  very  r igo rous  c o n t r o l  had t o  be observed d u r i n g  t h e  welding process .  
Electron-beam welding e x p e r t s  a t  NASA-Lewis, Fusion Labora tor ies  
and Atlas Chemicals were consul ted as t o  what ma. ter ia ls  were convenient ly 
welded by t h e  electron-beam technique.  Of the  m a t e r i a l s  recommended, a 
second c r i t e r i o n  w a s  requi red  and t h a t  was t h a t  t h e  m a t e r i a l  must be e s s e n t i a l l y  
i n e r t  i n  molten LiC1-KC1 a t  4 2 7 ' ~  f o r  per iods  u p  t o  200 hours.  The one 
m a t e r i a l  t h a t  suggested i t s e l f  above a l l  o the r s  w a s  commercial grade A n i c k e l .  
Nickel has a g r e a t e r  t e n s i l e  s t r e n g t h  and is  l e s s  malleable  t han  
copper which i s  advantageous i n  c e l l  case oons t ruc t ion .  Nickel  i s  more noble 
t h a n  copper and r e s i s t s  ox ida t ion  much more r e a d i l y  a t  high temperatures  i n  
a n  ox id i z ing  atmosphere. Upon i n i t i a l  t e s t s  it was found t h a t  grade A n i c k e l  
welded r e l i a b l y  and he rme t i ca l ly  by t h e  electron-beam welding technique.  
Grade A n i c k e l  w a s  recommended as t h e  ma te r i a l  t o  be used f o r  t he  
c e l l  case f o r  t h e  reasons mentioned above. Construct ion of over 200 c e l l s  
us ing  grade A n i c k e l  f o r  t h e  c e l l  case  has proven t h e  choice t o  be a good 
one. No experimental  problems e x i s t  t h a t  can be a t t r i b u t e d  t o  t h e  use of 
t h i s  m a t e r i a l  f o r  t h e  o e l l  case .  
C e l l  Case Fabr i ca t ion  and Assembly Method 
The bas i c  c y l i n d r i c a l  c e l l  case  used i n  a l l  previous c e l l  t e s t s  
on t h e  previous NASA Contract NAS 3-8517 was accepted a s  t h e  con f igu ra t ion  
t o  be used i n  t h i s  work. A review w a s  made concerning a l l  components and 
welds t h a t  were t o  be made on t h e  e x t e r n a l  su r f ace  of t h e  o e l l  case .  
P a r t i c u l a r  a t t e n t i o n  was given t o  ease  and r e l i a b i l i t y  of t h e  f a b r i c a t i o n  
technique.  The a r e a s  t h a t  were considered were: 
(A) C e l l  case th iokness  
( B )  Terminal s e a l  
(c) Connection of anode connector  t o  t h e  te rmina l  s e a l  
(D)  Cathode t e rmina l  pin 
(E)  Case bottom. 
For t h e  l a b o r a t o r y  type c e l l s  ease of f a b r i c a t i o n  w a s  f a c i l i t a t e d  
by u s i n g  0.050 inch  t h i c k  n i c k e l  cases .  This  th ickness  w a s  s e l e c t e d  p r i -  
mar i ly  s o  t h a t  counterbores  could e a s i l y  be machined t o  accep t  a p re s s  f i t  
of t h e  te rmina l  s e a l  f lange  and the  case bottom. This  type  of component 
f i t t i n g  was recommended by t h e  electron-beam welding company s o  t h a t  t h e  
b e s t  poss ib le  oond i t i ons  e x i s t e d  f o r  t h i s  type of welding. By us ing  a 0.050" 
c e l l  case  th i ckness  up  t o  0.030" counterbore depths could e a s i l y  be machined. 
Ceramic t e rmina l  s e a l s  w i th  n i c k e l  c o l l a r s  appeared most s u i t a b l e  
f o r  t h i s  p a r t i c u l a r  o e l l  des ign .  A s  shown i n  the  drawings of Appendix I11 
t h e  t e rmina l  s e a l  c o l l a r  w a s  matched i n  dimensions t o  a hole  and counterbore 
s e t  i n  t h e  c e n t e r  of t h e  c e l l  case top .  Collar-counterbore matching provided 
a p re s s  f i t  of t h e  two components t o  f a c i l i t a t e  and provide a r e l i a b l e  
electron-beam weld. Nickel c o l l a r s  were recommended on t h e  s e a l s  so  t h a t  t h e  
welds could be made between l i k e  meta ls  and because the  n i c k e l  i s  unaf fec ted  
by chemical a t t a c k  by t h e  c e l l  e l e c t r o l y t e .  
Since n i c k e l  provides a  m a t e r i a l  t h a t  i s  chemically i n e r t  i n  t h e  
LiC1-KC1 salt  system, p r a c t i c a l l y  a l l  of t h e  metal c e l l  components (except  
t h e  anode and cathode)  u t i l i z e d  t h i s  m a t e r i a l .  The anode connector,  a g a i n  
being cons t ruc ted  of n icke l ,  w a s  machined t o  snugly f i t  through t h e  c e n t r a l  
n i c k e l  p in  of t he  t e rmina l  s e a l .  I n  a l l  ca ses  t h e  connector was c l o s e l y  
matched t o  t h e  hole  i n  t h e  t e rmina l  s e a l  t o  provide e a s i e r  and more r e l i a b l e  
e l e  c t ron-  beam welds.  
The cathode connect ion w a s  merely a n i c k e l  t e rmina l  p in  e l ec t ron -  
beam welded t o  t h e  case.  Since the  cathode w a s  placed a g a i n s t  t h e  i n t e r n a l  
su r f ace  of t h e  case,  t h i s  method of t e r m i n a l  connection w a s  convenient and 
e a s i l y  f a b r i c a t e d .  
The oase bottom w a s  a l s o  cons t ruc ted  of 0.050" n i c k e l  shee t ,  A 
counterbore was placed i n  t h e  bottom r i m  of t h e  c y l i n d r i c a l  c e l l  case t o  
accep t  t h e  o e l l  bottom. When assembled, t h e  case bottom f i t  f l u s h  wi th  t h e  
bottom edge of t h e  c e l l  w a l l s  and t y p i c a l l y  showed l e s s  t h a n  0.001" gap 
between the  c e l l  bottom edge and the  w a l l s  of t h e  c e l l  oase.  This  arrange-  
ment was accepted by t h e  electron-beam welding company a s  a very s a t i s f a c t o r y  
assembly and welding technique.  
I n  summary, electron-beam welding i s  u t i l i z e d  on the  outs ide  sur-  
f a c e  of t h e  c e l l  case a t  t he  fo l lowing  l o c a t i o n s :  (A)  t e r m i n a l  s e a l  f lange  
t o  t h e  c e l l  case t o p  ( B )  anode connector p in  t o  t h e  c e n t r a l  p in  of t h e  
ceramic s e a l  (c )  cathode output  t e rmina l  p i n  t o  t h e  c e l l  case t o p  ( D )  c e l l  
case  bottom t o  t h e  bottom of t h e  c e l l  ca se .  A t  t h i s  po in t  t h e  o e l l  case has 
been he rme t i ca l ly  s ea l ed .  
Severa l  methods f o r  making t h e  c e l l  case were reviewed. Three me- 
t hods  were s tud ied  on t h e  b a s i s  of ( A )  a b i l i t y  t o  hold a n  accep tab le  t o l e rance  
( B )  case  f a b r i c a t i o n  and d e l i v e r y  time and (c)  c o s t .  The t h r e e  methods of 
c e l l  oase f a b r i c a t i o n  s tud ied  were (A) hydroforming, ( B )  d i e  casrt; forming 
and ( G )  metal  sp inning .  Very few hydroforming manufacturers e x i s t  i n  t h e  
United S t a t e s .  I n  genera l  t h e  p r i ce  w a s  high and t h e  companies were r e l u c t a n t  
t o  make our c e l l  oases ia t h e  s m a l l  q u a n t i t i e s  we needed. The d i e - c a s t  t ech-  
nique could not  form cases  as t a l l  as our  c e l l  case cons t ruc t ion  demanded. 
Metal spinning provided a good technique a b l e  t o  meet our s p e c i f i -  
c a t i o n s .  Metal-spinning techniques could form t h e  cases  t o  t he  proper dimen- 
s i o n s  and wi th in  acceptab le  t o l e rances .  Fab r i ca t ion  and de l ive ry  time w a s  
acceptab le  s ince  the  manufacturer w a s  l o c a l .  Cost was apprec iab ly  lower by 
t h i s  technique than  by t h e  o the r  two f a b r i c a t i o n  methods considered. Metal- 
sp inning  w a s  accepted a s  t h e  method f o r  f a b r i c a t i n g  t h e  c e l l  cases .  
According t o  t h e  above d i scuss ion  f i v e  (5)  c e l l  case assemblies  were 
cons t ruc ted  c o n s i s t i n g  o f :  (A) c e l l  case ( B )  ceramic t e rmina l  s e a l  
(c )  anode connector p in  ( D )  cathode t e rmina l  p i n  (E)  case bottom. A 1/4" 
0.D.copper tube was welded i n t o  the  case bottom t o  provide access  t o  t h e  in -  
s i d e  of t h e  case t o  apply  pressure  o r  vacuum. The cases  were then  submit ted 
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t o  t e s t s  a t  427 C and a t  s e v e r a l  pressure condi t ions  t o  determine whether t h e  
cases  were herme t i c a l l y  t i g h t  under t h e  var ious  temperature/pressure envi r -  
onments. Figure 1 9  shows a c e l l  case cons t ruc ted  f o r  these  t e s t s  and Figure 
20 shows t h e  experimental se t -up  used f o r  t h e  t e s t i n g .  A CEC Model 24-120 
helium l e a k  d e t e c t o r  was used throughout t hese  s t u d i e s .  
The c e l l  case w a s  placed i n  t h e  pressure  chamber ( loca ted  i n  a 
temperature r egu la t ed  furnace)  and connections made t o  a helium pressure  l i n e ,  
a vacuum l i n e  and t h e  helium l e a k  d e t e c t o r .  The c e l l  case and pressure 
chamber were thoroughly f lushed  with helium and t h e  temperature bcought t o  
427 f2Oc. The i n s i d e  of t h e  o e l l  w a s  f lushed  wi th  n i t rogen  and evacuated t e n  
t imes t o  remove a l l  t r a c e s  of helium from t h e  i n s i d e  of t h e  c e l l  case,  and 
f i n a l l y  t h e  c e l l  case w a s  evacuated. This  provided a 15 p s i  p ressure  on t h e  
e x t e r n a l  su r f ace  of t he  c e l l  case .  This  cond i t i on  was allowed t o  s tand  30 
minutes while monitoring t h e  l e a k  r a t e  gage of t h e  helium l e a k  d e t e c t o r .  
The same procedure was followed t o  determine whether any leakage 
occurred from t h e  c e l l  i n t e r i o r  t o  t he  outs ide  of t h e  c e l l  case .  I n  t h i s  
s i t u a t i o n  t h e  pressure chamber was f lushed  with n i t rogen  and f i n a l l y  evacuated 
while t h e  c e l l  case i n t e r i o r  w a s  f i l l e d  wi th  helium a t  15 p s i  p ressure .  The 
helium l e a k  d e t e c t o r  i n  t h i s  case monitored the  pressure  chamber volume t o  
d e t e c t  any helium leakage from the  c e l l  case i n t e r i o r .  
The d a t a  obtained from these  t e s t s  a t  4 2 7 ' ~  a r e  given below i n  
Table 11. 
Table 11 
Resul t s  of C e l l  Case Leak-Rate T e s t s  
*Leak Rate a t  15 p s i  *Leak Rate a t  15 p s i  
Case No. I n t e r n a l  ( cc / sec )  Externa l  (cc /sec)  
1 3 . 3  x 3.3  x 10-lo 
2 3 . 1  x lo-'' 3 .3  x 10-1° 
3 3 . 3  X lo'1o 3 . 1  X 
4 3 .1  x 10-lo 3 . 1  x 
5  3.5 x 10-lo 3.5 x 
*These l e a k  r a t e  f i g u r e s  r ep re sen t  t h e  maximum c a l i b r a -  
t e d  l e a k  s e n s i t i v i t y  of t h e  instrument  a t  8 0 0 ' ~  and a t  
t h e  t ime of measurement. Consequently, any leakage 
occu r r ing  w a s  l e s s  t h a n  t h e  r a t e s  given i n  t h e  t a b l e .  
From Table 11 it can be seen t h a t  no d e t e c t a b l e  leakage occurred i n  any of 
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t h e  f i v e  t e s t s  a t  427 C and under fl  a t m .  p ressure .  Based on these  r e s u l t s  
t h i s  f a b r i c a t i o n  and assembly method was accepted f o r  use on any subsequent 
c e l l  case f a b r i c a t i o n .  
3.2.6 Terminal S e a l s  
With t h e  c u r r e n t  des ign  of t h e  NASA long  l i f e  thermal  c e l l ,  a t e r m i n a l  
s e a l  is  r equ i r ed  t o  provide a n  e l e c t r i c a l  connect ion t o  t h e  anode while pro- 
v id ing  e l e c t r i c a l  i n s u l a t i o n  from t h e  c e l l  case, which a c t s  as t h e  cathode 
e l e c t r i c a l  conneotion. Basic pre l iminary  s p e c i f i c a t i o n s  which t h e  t e rmina l  
s e a l  must meet were t h e  fol loming:  
(A) Provide low e l e c t r i c a l  l o s s e s  f o r  cu r r en t  flow up t o  2.0 amperes, 
cont inuous.  
( B )  Withstand " f l a sh"  c u r r e n t s  of 20 ampere f o r  a few seconds. 
(c )  Provide a hermetic s e a l  f.or t h e  e l ec t rode  l ead  through the  c e l l  
ca se .  
Vycor g l a s s  s e a l s  were b r i e f l y  examined but it was found t h a t  a f i n e  ne t -  
work of cracks developed i n  t he  Vycor dur ing  the  welding of t he  s e a l  t o  t he  
case.  Since a hermetic s e a l  could not  be made under t hese  condit ions,  fu r -  
t h e r  cons ide ra t ion  of t h i s  s e a l  type w a s  dropped. 
B s e d  upon a  knowledge of t he  chemical components used i n  t h i s  c e l l  and 
upon our  background i n  thermal  b a t t e r y  manufacture, it was f e l t  t h a t  a ceramic 
s e a l  would be requi red .  Three d i f f e r e n t  ceramic s e a l s  were s e l e c t e d  f o r  
eva lua t ion  and a r e  shown i n  Figure 21. A d e s c r i p t i o n  of t he  s e l e c t e d  s e a l s  
fol lows : 
Type I -- A l i t e  1-2-IG, 42% ~ i - 5 8 %  Fe, S i l v e r  braze, A l g O g  ceramic 
Type I1 -- A l i t e  B50-1, Grade A n icke l ,  OFHC copper braze, A1203 ceramic 
Type I11 --- A l i t e  D-312, Grade A n icke l ,  OFHC copper braze, A1203 ceramic 
Each of t h e  s e a l s  were suppl ied  wi th  a n  anode connector p in  which f i t  snugly 
i n t o  t h e  c e n t e r  s e a l  pin.  The s e a l  p in  and anode connector were welded to-  
ge the r .  For t h e  t h r e e  types  o f  s e a l s  t e s t e d ,  it w a s  found t h a t  5 mv. w a s  
l o s t  due t o  I R  while passing a continuous 2.0 ampere cu r r en t .  A l l  s e a l s  
withstood a 20 ampere pulse f o r  f i v e  seconds without any no t i ceab le  hea t ing .  
These t h r e e  s e a l s  were accepted on a prel iminary b a s i s  and subjec ted  t o  more 
vigorous t e s t i n g .  
Terminal S e a l  Evaluat ion 
T e s t s  were conducted t o  determine the  r e s i s t a n c e  between t h e  c e n t e r  
p in  of t h e  s e a l  and t h e  c e l l  case.  This  r e s i s t a n c e  must be h igh  t o  prevent 
any leakage cu r ren t  t o  flow r e s u l t i n g  i n  decreased u s e f u l  capac i ty  and wasted 
energy. 
A sample of each candidate  t e rmina l  s e a l  w a s  electron-beam welded t o  
t h e  case i n  a manner similar t o  a c t u a l  c e l l  cons t ruc t ion .  The e l e c t r i c a l  
r e s i s t a n c e  between the  t e rmina l  and case was measured a t  room temperature.  
0 The r e s i s t a n c e  w a s  a g a i n  measured a t  800 F i n  one hour. The measurements 
were performed wi th  a  Kei th ly  e l ec t rome te r  a b l e  t o  measure up  t o  1016 ohms. 
A l l  t e s t s  were conducted i n  t r i p l i c a t e  and t h e  d a t a  a r e  shown i n  Table 12  
below. 
Table 1 2  
Terminal-to-Case Resis tance of Terminal S e a l s  
Room Temperature A t  4 2 7 ' ~  
S e a l  Type a a 
I 3.6 x 10 15  4 .1  x 10  1 4  
3 .9  x 10 1 5  4.3 x 10 14  
4.2 x 10  15 4.7 x 10  1 4  
I I 2.6 x 10  15 2.9 x 10  1 4  
1 .6  x 10  15  2 . 1  x 1 0  1 4  
2 .4  x 10  15 2.0 x 1 0  1 4  
I n  a l l  cases  t he  terminal- to-case r e s i s t a n c e  shows a favorably  high value, 
r ep re sen t ing  a leakage cu r ren t  no l a r g e r  t h a n  5 x 10-l5 amperes per  v o l t .  
It i s  noted t h a t  a n  o rde r  of magnitude decrease i n  r e s i s t a n c e  occurs 
when h e a t i n g  t o  427 '~ .  S i n c e  t h i s  phenomenon i s  observed i n  a l l  t h e  s e a l s ,  
t h e  cause o f  f h e  r e s i s t a n c e  l o s s  must be due t o  a  common f a c t o r .  The ceramic 
i n  a l l  cases  i s  glazed and it i s  we l l  known t h a t  t h e  conduc t iv i ty  of g l a s s e s  
i nc rease  as temperature i nc reases .  The o v e r a l l  r e s i s t a n c e  l o s s  can reasonably 
be a t t r i b u t e d  t o  t h e  increased  conduct iv i ty  of t h e  g l a s s  a t  427'~.  
Tes t s  were r equ i r ed  t o  determine whether t h e  s e a l s  could withstand 
a thermal  shock without  causing a r e s u l t a n t  l e a k  o r  a s u b s t a n t i a l  r educ t ion  
i n  t h e  terminal- to-case r e s i s t a n c e .  A case similar t o  t h e  one used i n  t h e  
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e l e c t r i c a l  r e s i s t a n c e  t e s t s  w a s  i n s e r t e d  i n t o  a pre-heated furnace a t  427 C 
f o r  10  minutes and then  cooled t o  room temperature i n  ambient a i r .  Leak r a t e  
and e l e c t r i c a l  r e s i s t a n c e  ( terminal- to-case)  of each sample w a s  measured a t  
4 2 7 ' ~  and a t  room temperature before and a f t e r  t h e  hea t ing  cyc le .  The t e s t s  
were run  i n  t r i p l i c a t e .  The r e s u l t s  of t hese  t e s t s  a r e  g iven  i n  Table 1 3  
f o r  t h e  t h r e e  candidate  s e a l s .  
Table 1 3  
Thermal Shock Results  on Terminal Seals  
L.R. ( ~ n i t i a l )  L.R. ( ~ e a t e g )  L.R. ( ~ i n a l  
Sea l  Type cc/sec, 2 5 ' ~  cc/sec, 427 C cc/sec, 2 5 ' ~  
1 2.6 x 10-lo 8.6 x 10'l0 2.7 x 10-lo 
2.6 9.2 1 .5  
2.6 8.7 3.4 
The above measurements were made by Glass Blowing Enterpr ise ,  Inc.  
A t  t he  time of each t e s t  t he  l e a k  t e s t  equipment w a s  ca l ib ra t ed  wi th  a  
s tandard leak .  A l l  the  numbers reported i n  Table 1 3  represent  the  l i m i t  
of s e n s i t i v i t y  of the  instrument a t  the  condit ions of measurement. I n  o ther  
words, none of t h e  s e a l s  gave any ind ica t ion  of leaking  wi th in  t h e  c a p a b i l i t y  
of t h e  instrument s e n s i t i v i t y .  
Resistance measurements between t h e  te rminal  s e a l  and t h e  case f e l l  
i n  the  range of 1.5 x 1015 t o  4.0 x 1015 Q a t  room temperature before and 
a f t e r  heat ing.  The r e s i s t ance  values a t  427 '~  f e l l  i n  t h e  range o f  1 .9  x 10 14 
t o  4.4 x 1014 Q. Comparing these  values t o  Table 1 2  ind ica te s  t h a t  no d e t r i -  
mental e f f e c t  occurred t o  the  r e s i s t ance  values caused by the  thermal  shock. 
Evaluation of t h e  da ta  t o  t h i s  point  i n d i c a t e s  t h a t  a l l  t h e  te rminal  
s e a l  candidates a r e  s a t i s f a c t o r y .  Consequently, f u r t h e r  t e s t i n g  w i l l  include 
t h e  t h r e e  types of s e a l s .  
Compat ib i l i ty  Tes t s  
T e s t s  were extended t o  determine whether t he  i n t e r n a l  chemical com- 
ponents of t h e  c e l l  would a f f e c t  t h e  q u a l i t y  of t he  s e a l  a t  4 2 7 ' ~  over  a 
period of 200 hours.  
C e l l  ca ses  were cons t ruc ted  similar t o  those  used i n  3.2.5 and 
shown i n  Figure 19 .  Again i n  t hese  t e s t s  each candidate  s e a l  was examined i n  
t r i p l i c a t e .  The c e l l  case w a s  loaded wi th  200 grams of LiC1-KC1 e u t e c t i c  
e l e c t r o l y t e  and 50 gms. of cupr ic  oxide powder. The cupr ic  oxide w a s  included 
t o  s imula te  a q u a n t i t y  of d i sso lved  cathode m a t e r i a l  t h a t  might be expected 
i n  a n  a c t u a l  ope ra t ing  c e l l ,  i . e . ,  t h e  e l e c t r o l y t e  would be s a t u r a t e d  wi th  
d isso lved  cupr i c  oxide. I f  any r educ t ion  would spontaneously occur t o  cause 
m e t a l l i c  br idging  between t h e  t e rmina l  and case, one would expect t h i s  t o  be 
due t o  t h e  r educ t ion  of t h e  copper i ons .  Af t e r  l oad ing  t h e  i n t e r n a l  compon- 
e n t s  t h e  c e l l  bottom was electron-beam welded t o  t h e  case and t h e  whole u n i t  
was heated t o  4 2 7 ' ~  i n  one hour.  The c e l l  was then  inve r t ed  so  t h e  e l e c t r o l y t e  
contacted t h e  t e rmina l  s e a l .  The c e l l  was maintained i n  t h i s  a t t i t u d e  f o r  
200 hours .  During t h e  200 hour s tand,  t h e  e x t e r n a l  pressure on t h e  s e a l  was 
cycled between 0  p s i a  and 30 p s i a  every t e n  hours .  A t  t he  conclusion of t he  
t e s t  t h e  c e l l  w a s  i nve r t ed  t o  a n  u p r i g h t  pos i t ion ,  cooled t o  room temperature 
i n  one hour and t h e  t e rmina l  s e a l s  examined f o r :  
(A)  Helium l e a k  r a t e  
(B)  Terminal-to-case e l e c t r i c a l  r e s i s t a n c e  
(c)  Phys ica l  d e t e r i o r a t i o n  due t o  chemical a t t a c k .  
I n  a l l  nine t e s t s ,  no helium l e a k  r a t e  w a s  observed a f t e r  t h e  t e s t s  
t h a t  w a s  w i t h i n  t h e  l i m i t  of s e n s i t i v i t y  of t h e  helium l e a k  d e t e c t o r  a t  room 
temperature,  i . e . ,  no leakage occurred i n  excess  of 3.5 x  10-lo cc ~ e / s e c .  
E l e c t r i c a l  r e s i s t a n c e  measurements between t h e  t e rmina l  s e a l  and 
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the  case were i n  t h e  1 0 ~ ~ - 1 0  0 range. Obviously no br idging  occurred bet-  
ween t h e  t e rmina l  s e a l  and case due t o  t h e  r educ t ion  of copper i ons .  
A l l  t h e  s e a l  f l anges  ind ica t ed  a  s l i g h t  t a r n i s h i n g  e f f ec t ,  but no 
chemical a t t a c k  w a s  evident  t o  t h e  e x t e n t  t h a t  it would cause any performance 
l o s s  i n  t he  c e l l .  
I n  some r e spec t s  t h e  r e s u l t  obtained f o r  t he  Type I, A l i t e  1-2-IC 
t e rmina l  s e a l  w a s  s u r p r i s i n g .  The meta l  p a r t s  of t h i s  s e a l  w a s  a n  a l l o y  of 
42% N i  and 58% Fe. I n  previous e lec t rochemica l  d i scharge  t e s t s ,  a s e a l  of 
t h i s  m e t a l l i c  composition inva r i ab ly  was corroded and caused t h e  c e l l  t o  l e a k  
copiously.  I n  t h e  c e l l  t e s t s  t h a t  were e lec t rochemica l ly  disoharged, t h e  
p o t e n t i a l  f i e l d  on t h e  s e a l  oould have caused t h e  e lec t rochemica l  ox ida t ion  
of t h e  i r o n  from t h e  a l l o y  while i n  t h e  s t a t i c  t e s t s  conducted i n  t h i s  s e c t i o n  
might have a n  i n s i g n i f i c a n t  e f f e c t  on t h e  a l l o y  ma te r i a l .  Since t h i s  e f f e c t  
has been observed previously on Type I te rmina l  s ea l s ,  t hey  were e l imina ted  
from any f u r t h e r  cons ide ra t ion  f o r  u se  on t h e  f i n a l  c e l l .  
S e l e c t i o n  of  a Terminal S e a l  
Eased upon the  previous t e s t i n g ,  t e rmina l  s e a l  Types I1 and I11 
appear  equa l ly  acceptab le  f o r  r e l i a b l e  use .  Therefore,  t h e  choice of s e a l s  
must depend on convenience of use o r  t h a t  one s e a l  can con t r ibu te  t o  a  s t ruc -  
t u r a l l y  more r e l i a b l e  f i n a l  c e l l .  
Using these  a d d i t i o n a l  cons idera t ions ,  it becomes ev ident  t h a t  Type 
11, A l i t e  B50-1 is  t h e  prefer red  des ign .  The Type I1 s e a l  has a considerably 
l a r g e r  hole i n  t h e  ceramic i n t o  which a n  enlarged s e c t i o n  of t h e  anode oonn- 
e o t o r  can r e s t .  Since t h e  anode connector can have t h i s  l a r g e r  shank wi th  
t h i s  s e a l ,  l e s s  chance of bending w i l l  occur du r ing  condi t ions  of shock, 
a c c e l e r a t i o n  and v i b r a t i o n .  It i s  a l s o  much e a s i e r  t o  machine t h e  anode 
connector i f  it has t h e  enlarged shank. Ease i n  f a b r i c a t i o n  and assembly 
of t h e  anode connector- terminal  s e a l  j o i n t  and g r e a t e r  s t r u c t u r a l  i n t e g r i t y  
suppor ts  t h e  use  of t h e  Type I1 s e a l  i n  preference t o  t h e  Type 111 s e a l .  
3.2.7 C e l l  Assembly Tes t s  
A s  a  f i n a l  t e s t  of t h e  components assembled i n t o  a  completed c e l l ,  t e s t s  
were conducted t o  a s c e r t a i n  t h a t  no unforeseen i n t e r a c t i o n s  would occur t h a t  
would be de t r imen ta l  t o  t he  hermetic s e a l  o r  t he  intended placement of the  
oomponents . 
Five oomplete o e l l s  were oonstruoted aooording t o  t h e  cons t ruc t ion  d e t a i l s  
given i n  Appendix 111. These 0811s were a oulmination t o  and inc lus ive  of a l l  
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t h e  t e s t i n g  done up t o  t h i s  po in t .  The oompleted c e l l s  were i n s e r t e d  i n t o  a 
helium pressure  chamber a t  30 ps i a  f o r  24 hours a f t e r  which t h e  chamber was 
c leansed  of He wi th  a N f l u s h  and evaouated. A helium l e a k  d e t e o t o r  was 2 
a t t a c h e d  t o  t he  ohamber t o  determine whether any helium w a s  d i f f u s i n g  from 
t h e  o e l l s .  This  procedure w a s  oonduoted a t  room temperature.  No l e a k s  were 
d e t e c t a b l e  du r ing  t h e s e  t e s t s .  The f i v e  0811s were then  placed i n  a n  oven 
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and heated t o  427 C i n  one hour and maintained a t  t h a t  temperature f o r  10  
hours .  The l e a k  t e s t s  were performed a t  4 2 7 ' ~  a f t e r  the  t e n  hours and the  
d a t a  a g a i n  shows t h a t  no leakage was ev iden t .  The c e l l s  were cooled t o  room 
temperature i n  one hour and examined a g a i n  f o r  t i g h t n e s s .  Throughout t hese  
t e s t s  no helium leakage could be de t ec t ed .  This  t e s t i n g  i n d i c a t e s  t h a t  a l l  
components mounted on t h e  e x t e r n a l  su r f ace  of t h e  case a r e  compatible and 
weld j o i n t  i n t e g r i t y  i s  wholly s a t i s f a o t o r y .  
A f t e r  t h e  l e a k  t e s t i n g  was completed, t h e  o e l l s  were X-rayed t o  de t e r -  
mine t h e  d i s t r i b u t i o n  of t h e  e l e o t r o l y t e  and any poss ib le  displacement of 
t h e  components. A p r i n t  of t h e  X-ray is  shown i n  Figure 22. The X-ray does 
not  i nd ioa t e  any improper p a r t s  displaoement o r  unusual  displaoement of t h e  
e l e o t r o l y t e .  X-rays were t aken  of t h e  c e l l s  s ince  u n c e r t a i n t i e s  could a r i s e  
i f  t h e  i n t e r n a l  components were d i s rup ted  dur ing  t h e  disassembly of t h e  c e l l .  
F ina l ly ,  t h e  t o p  of t h e  c e l l  was removed wi th  a band saw and the  c e l l  w a s  
b i s ec t ed  through i t s  v e r t i c a l  a x i s .  Visual  i n spec t ion  showed no s i g n  of 
anyth ing  unusual o r  unexpected. E l e c t r o l y t e  had s a t u r a t e d  t h e  porous s t r u c -  
t u r e  of t h e  oathode and no i n t e r n a l  parts had been d i sp l aced  from t h e i r  
i n i t i a l l y  intended looa t ion .  
The co l l ec t ed  r e s u l t s  l e a d  u s  t o  be l i eve  t h a t  t hese  techniques  and 
m a t e r i a l s  w i l l  y i e l d  a s t u r d y  and r e l i a b l e  l o n g - l i f e  thermal  c e l l .  
The ob jec t ive  of t h i s  s e c t i o n  i s  t o  determine t h e  e f f e o t  of shock, vib- 
r a t i o n  and a c c e l e r a t i o n  on the  performance of t h e  c e l l s .  This  work is d iv ided  
i n t o  two s e c t i o n s :  t he  f i r s t  s e c t i o n  is  the  t e s t i n g  of c o n t r o l  c e l l s  a t  t h r e e  
temperatures  t o  a c t  as our  s tandard  re ference  performance. The second s e c t i o n  
involves t he  environmental t e s t i n g  wi th  subsequent e lec t rochemica l  t e s t i n g  of 
u n i t s  t o  determine t h e  e f f e c t  of t h e  environmental t e s t i n g  on e lec t rochemica l  
perf  ormance. 
4.1 Control  C e l l s  
The cons t ruc t ion  of t h e s e  c e l l s  i s  exac t ly  t h e  same as previous ly  used 
except f o r  one change--that being t h e  te rmina l  s e a l .  Previous c e l l s  were 
cons t ruc ted  us ing  the  A l i t e  D312 s e a l ,  where i n  t h i s  case t h e  A l i t e  B50-1 
s e a l  has been used. Figure 21  shows t h i s  s e a l  des ign .  The reason f o r  
s e l e c t i n g  t h i s  t e rmina l  s e a l  i n  preference t o  t h e  o the r  one used w a s  based 
on t h e  f a c t  t h a t  it would be more mechanically s t a b l e  and would withstand t h e  
environmental t e s t i n g  wi th  more success .  I n  conjunct ion  wi th  t h i s  s e a l ,  t h e  
anode connector was made l a r g e r  t o  f i t  snugly i n t o  t h e  l a r g e r  diameter  oera- 
mic of t h e  s e a l .  I n  t h i s  fashion,  t h e  anode connector would have a l a r g e r  
shank and would r e s t  more snugly a g a i n s t  t he  s e a l ,  c r e a t i n g  a l e s s e r  ohance 
of f a i l u r e  due t o  t h e  anode connector breaking. 
Twenty c e l l s  were cons t ruc ted  and were t e s t e d  a t  t h r e e  d i f f e r e n t  temper- 
a t u r e s .  Ten of t h e s e  c e l l s  were t e s t e d  a t  427OC, f i v e  c e l l s  were t e s t e d  a t  
0 0 481 C, and t h e  remaining f i v e  c e l l s  were t e s t e d  a t  538 C .  A l l  of t h e  t e s t  
condi t ions  f o r  t h e s e  c e l l s  except  f o r  t he  var ious  temperatures,  were t h e  
same as given i n  Sec t ion  3.1.1. The r e s u l t s  of t h e s e  ind iv idua l  t e s t s  a r e  
shown i n  Table 1 of Appendix I and a r e  summarized i n  Table L4 .  The r e s u l t s  
shown i n  t h i s  t a b l e  a r e  a n  average of t h e  runs a t  t h a t  p a r t i c u l a r  temperature 
showing t h e  average and t h e  dev ia t ions  experienced. 
4 .0  Environmental C e l l  Tes t s  
Table 1 4  
Average Data f o r  Control  C e l l s  
Tempegature Li fe  Cathode Self-Discharge Number of 
( c >  ( h r s .  ) U t i l i z a t i o n  Current Repl ica tes  
(% > (ma > Averaged 
Figures  23, 24 and 25 r ep resen t  t h e  t y p i c a l  shape of t h e  vol tage  versus time 
t r a c e s .  These f i g u r e s  a l s o  r e f l e c t  t h e  average d e v i a t i o n  of t h e  d a t a  given 
i n  Table 14.  I f  t he  l i v e s  of t h e  c e l l s  a t  t h e  d i f f e r e n t  temperatures  a r e  
considered t o  be dependent upon t h e  se l f -d ischarge  r a t e ,  t h e n  it might be 
expected t h a t  t h e  l o s s  of l i f e  would occur exponent ia l ly  as t h e  temperature 
is  increased .  Using the  427 degree average t e s t  as t h e  s tandard,  t he  per- 
centage of  t h i s  l i f e  t h a t  t h e  o the r  c e l l s  r a n  a t  t h e  o the r  temperatures  can 
1 be c a l c u l a t e d .  I f  t h e  logar i thm of t h i s  q u a n t i t y  i s  p lo t t ed  versus  T, where 
t i s  t h e  abso lu t e  temperature,  t hen  one might expect  a l i n e a r  p l o t .  A graph 
showing t h i s  a n a l y s i s  i s  given i n  Figure 26. It can be noted t h a t  t h e  r e s u l t  
f o r  t h e  538' t e s t s  w a s  247.7 m a .  From Figure 26 it was found by e x t r a p o l a t i o n  
t h a t  a maximum l i f e  of 80 hours would be expected f o r  t h e  c e l l  running a t  
538 '~ .  Th i s  being the  case, t h e  t o t a l  capac i ty  l o s t  over t h i s  running time 
due t o  s e l f -d i scha rge  would be .2477 mul t ip l i ed  by 80 g iv ing  21.9 ampere-hours 
due t o  t h e  se l f -d i scha rge .  Also t h e  c e l l s  would have been running a t  t h e  
nominal du ty  cycle  wi th  an  average c u r r e n t  of .333 amps f o r  t h e  80 hours .  
Th i s  would account  f o r  26.6 ampere-hours of capac i ty  used i n  t h e  e lec t rochemica l  
d i scharge  of t h e  c e l l .  By adding t h e s e  two c a p a c i t i e s  toge ther ,  a t o t a l  of 
0 
48.5 ampere-hours can be accounted f o r .  A similar a n a l y s i s  done on t h e  427 
t e s t  would g ive  a t o t a l  used capac i ty  of 53.5 ampere-hours. When comparing 
t h e s e  two b i t s  of information it would appear  that t h e  se l f -d i scha rge  r a t e  
is  t h e  c o n t r o l l i n g  f a c t o r  as t h e  temperature i s  increased,  and consequently 
decreases  t h e  l i v e s  of t he  c e l l s .  I n  any case, t h e  t e s t s  made a t  5 3 8 ' ~  f a i l e d  
due t o  t h e  d isconnect  of the  anode from t h e  anode connector.  Even i f  t h e  
anode had not  disconnected from t h e  connector,  t h i s  a n a l y s i s  shows t h a t  con- 
s i d e r a b l y  decreased l i f e  could be expected from t h e  c e l l s .  
The r e s u l t s  given i n  Table 1 4  a r e  accepted as t h e  r e s u l t s  of t h e  con t ro l  
c e l l s  a t  t h e  t h r e e  temperatures .  These r e s u l t s  ac t ed  a s  our s tandard  a g a i n s t  
which t h e  e lec t rochemica l  performance of c e l l s  t h a t  were environmentally t e s t e d  
were compared. 
4.2 Environmental T e s t s  
Ten c e l l s  were cons t ruc ted  i d e n t i c a l l y  t o  t he  c o n t r o l  c e l l s  d i scussed  i n  
Sec t ion  4.1. These t e n  u n i t s  were shocked, acce l e ra t ed ,  and v ib ra t ed .  The 
condi t ions  under which these  c e l l s  were environmentally t e s t e d  a r e  given below: 
Shock - Each c e l l  w a s  subjec ted  t o  t h r e e  shocks of 1 8  g ' s  i n  each d i r e c t i o n  
a long  t h r e e  mutually perpendicular  axes ( t o t a l  1 8  shocks) .  The inpu t  pulse w a s  
a ha l f - s ine  pulse w i th  a time d u r a t i o n  of e i g h t  mi l l i seconds .  
Vibra t ion  - A resonant  survey t e s t  was run  on each c e l l  t o  determine t h e  
r e s i d e n t  modes of t h e  c e l l  s t r u c t u r e .  A sweep w a s  made from 5  t o  1 6  Hz a t  
0.368" displacement amplitude, from 16 t o  2,000 Hz a t  5  g peaks on each of 
t h r e e  mutually perpendicular  axes .  Measurement was made a t  the  poin t  of coup- 
l i n g  between t h e  e x c i t i n g  mechanism and t h e  c e l l .  A l l  resonances i n  each 
d i r e c t i o n  were noted.  When a resonance occurred, t h e  c e l l  w a s  v i b r a t e d  a t  
one h a l f  t h e  resonant  frequency f o r  30 minutes.  
Acce lera t ion  - The c e l l s  were a c c e l e r a t e d  as fo l lows:  7 g ' s  a c c e l e r a t i o n  
f o r  f i v e  minutes a long  t h e  l o n g i t u d i n a l  a x i s  i n  a d i r e c t i o n  which s imulated 
l i f t - o f f ;  3  g ' s  a c c e l e r a t i o n  i n  t h e  opposi te  d i r e c t i o n  f o r  f i v e  minutes; 4.5 
g ' s  a c c e l e r a t i o n  i n  both d i r e c t i o n s  a long  mutually perpendicular  axes  f o r  
f i v e  minutes .  A f t e r  each t e s t  t h e  c e l l s  were examined f o r  cracks,  dents ,  and 
o the r  e x t e r i o r  damage. Table 15 below shows t h e  r e s u l t s  f o r  t h e  t e n  c e l l s  
t e s t e d  according t o  t he  s p e c i f i c a t i o n s  g iven  above. 
Table 15 
-
Resu l t s  of Vibra t ion  Tes t ing  
Tes t  No. Resonant Frequencies Resul t ing  Damage 
(H 2)  Shown by X-Ray 
X Axis Y Axis Z Axis 
383 2000-60g peaks NONE NONE Anode Conneotor Broken 
3 84 122-60g peaks 120-60g peaks 20-60g peaks Anode Conneotor Broken 
1779-60g peaks 1920- 60g peaks 
3 85 NONE 160-60g peaks 2000-60g peaks Anode Connector Broken 
3 86 NONE NONE NONE 
387 1837-58g peaks NONE NONE Anode Conneot o r  Broken 
388 90-80g peaks 100-40g peaks 16-minor Anode Connector Broken 
1912-minor 16-minor 
3 90 27-40g peaks 100- 80g peaks 100-minor Anode Connector Broken 
2000-minor 
3 91 NONE NONE NONE 
3 92 NONE 200-minor NONE Anode Conneotor Broken 
A s  is  shown i n  t h e  t a b l e ,  e i g h t  of t he  t e n  c e l l s  showed a resonant  frequenoy. I n  
add i t i on ,  it was noted t h a t  f i v e  of t h e  t e n  0811s had resonanoe i n  t h e  Z-axis. 
A resonance oan ooour from two d i f f e r e n t  souroes.  The salt block i n  t h e  c e l l  
oould oon t r ibu te  t o  a n  x-y resonant  frequency, while t h e  cathode would a l s o  con- 
t r i b u t e  t o  resonanoe i n  t h e s e  axes .  I n  t h e  Z-axis, however, it appears  t h a t  
only t h e  oathode could oon t r ibu te  t o  a resonant  frequency. Since resonant  f r e -  
quencies  were observed i n  a l l  t h r e e  axes, it oan be expected t h a t  both t h e  salt 
block and t h e  oathode were involved i n  causing t h e  resonanoes. 
I n  a d d i t i o n  t o  t h e  v i s u a l  observat ions of oraoking o r  den t ing  of t h e  u n i t s  
a f t e r  t h e  environmental t e s t i n g ,  X-rays were a l s o  t aken  t o  observe t h e  i n t e r n a l  
oomponents of t h e  c e l l .  The X-rays showed t h a t  seven of t h e  t e n  c e l l s  had 
broken anode oonneotors.  Two of t h e  o e l l s  were out  open t o  o m f i r m  t h e  evidence 
shown on t h e  X-ray. The anode oonneotors broke a t  t h e  base of t h e  t e rmina l  
s e a l  oap. I n  add i t i on ,  t h e  cathodes of both 0811s were broken. The s a l t  blooks 
were covered wi th  powdered copper oxide, whioh came from the  oathode wearing 
a g a i n s t  t h e  s i d e  of t h e  can, t h e  oase oover, and t h e  r e t a i n e r  r i n g .  
The s a l t  block c o n t r a c t s  away from t h e  cold wa l l  of t h e  case mold when it 
i s  c a s t .  This  l eaves  a space of about f i v e  m i l s  i n  which t h e  s a l t  block can 
v ib ra t e ,  suspended only by t h e  0,062'' po r t i on  of t h e  anode connector.  This  
movement probably caused t h e  connector breakage dur ing  resonance v i b r a t i o n .  
Since t h e  cathode is  not  a machined part, it i s  d i f f i c u l t  t o  achieve con- 
t a c t  over t h e  e n t i r e  su r f ace  of t h e  r e t a i n e r  r i n g  and case cover.  Our support  
mechanism depends s o l e l y  on f r i c t i o n  t o  hold t h e  cathode i n  place.  I n  add i t i on ,  
t h e  support given by t h e  r e t a i n e r  r i n g  is  only on t h e  edge of t h e  cathode. 
The upper sur face  must be opened t o  t h e  e l e c t r o l y t e  i n  order  t o  al low f o r  i m -  
pregnat ion and d i f f u s i o n  t o  take place dur ing  d ischarge .  I f  any of t h i s  
cathode edge is  ground away dur ing  any of t he  environmental t e s t i n g ,  t h e  
cathode i s  f r e e  t o  move i n  any of t h e  t h r e e  axes .  
Since seven out of t e n  c e l l s  t e s t e d  environmentally had broken anode 
connectors,  it became impossible t o  t e s t  t hese  e lec t rochemica l ly .  Since t h e  
remaining t h r e e  t e s t s  would no t  be r ep re sen ta t ive  of t h e  t e n  constructed,  no 
d ischarge  t e s t s  were made on these  c e l l s .  
4.3 Environmental C e l l  Tes t  Conclusions 
Af t e r  c o l l e c t i n g  t h e  d a t a  and eva lua t ing  both t h e  environmental and con- 
t r o l  u n i t s ,  t h r e e  problems became evident .  These problems a r e  l i s t e d  below 
wi th  recommended methods f o r  so lv ing  t h e  problems. One of t h e  most s e r i o u s  
problems t h a t  w a s  noted w a s  t h e  breaking of t h e  anode connector.  A s  w a s  
descr ibed  e a r l i e r ,  enough space w a s  present  between t h e  salt block and t h e  
can so  t h a t  t he  salt block could a c t  as a pendulum swinging from t h e  narrow 
por t ion  of t h e  anode connector.  A suggested s o l u t i o n  f o r  t h i s  problem would 
be t o  s t a b i l i z e  t h e  salt  block by f o r c i n g  m a t e r i a l  between t h e  salt block and 
t h e  can. Such a m a t e r i a l  as mica would be chemically i n e r t  and serve  as a 
wedge between t h e  salt block and t h e  can. The second problem noted w a s  t h e  
ab ra s ion  and cracking  of t h e  cathode. Since t h e  cathode could move i n  any 
of t h r e e  d i r e c t i o n s ,  it becomes ev ident  that wedging must occur f o r  a l l  t h e  
d i r e c t i o n s ,  G l a s s  t ape  could be wrapped around t h e  oathode t o  prevent move- 
ment i n  t h e  x-y d i r e c t i o n .  On t o p  of t h e  cathode could be placed a th in ,  
a sbes tos  washer t o  provide a cushion between the  cathode r e t a i n e r  r i n g  and 
t h e  cathode. This  a l s o  would prevent ab ra s ion  between t h e  two metal  s u r f a c e s .  
Sinoe t h i s  would i s o l a t e  t he  cathode e l e o t r i c a l l y  from the  oan, except  f o r  
poss ib ly  s i t t i n g  on the  bottom of t h e  oan, it would be requi red  t o  have a 
oonneotion between t h e  oathode and t h e  r e t a i n e r  r i n g .  
During the  post-mortem examination of t h e  oon t ro l  0811s as a rou t ine  
measurement, t h e  r e s i s t a n o e  between t h e  anode oonneotor p in  and t h e  oase w a s  
determined. Th i s  r e s i s t anoe  should, t h e o r e t i o a l l y ,  be i n f i n i t e .  I n  most 
oases  we found t h a t  a oonsiderably lower r e s i s t a n o e  was present--ranging from 
50 ohms t o  400,000 ohms. Due t o  t h i s  i n t e r n a l  h igh- res i s tance  shor t ing ,  it 
i s , p o s s i b l e  t h a t  some of t h e  oapaoi ty of t h e  o e l l  oould be used i n  t h i s  
manner, t h u s  reducing the  l i f e  of t h e  c e l l s .  Close examination of t h e  a r e a  
between t h e  anode oonnector p in  and t h e  o e l l  case ind ica t ed  t h a t  some met- 
a l l i o  oopper w a s  imbedded on the  su r f ace  of t h e  oeramio te rmina l  s e a l .  This  
h igh  r e s i s t a n o e  s h o r t i n g  oould probably be e l imina ted  by wrapping t h e  anode 
oonneotor w i t h  a n  i n s u l a t o r  m a t e r i a l .  
5 . 0  Modif ioat ions f o r  Solving Shor t ing  and Environmental Problems 
The ob jeo t ive  of t h i s  phase of t h e  work was two-fold--modifications t o  
t h e  c e l l  des ign  were t o  be made t o  determine whether t h e  s h o r t i n g  and envi- 
ronmental problems oould be e l imina ted .  I n  add i t i on ,  t h e  e f f e c t  of t hese  
modi f ioa t ions  o r  d i scharge  performanoe w a s  t o  be determined. 
5.1 Pre l iminary  Modifioations t o  El iminate  Shor t ing  
A l l  of t h e  c e l l s  oonstruoted i n  t h i s  s e c t i o n  a r e  t he  same as used i n  
Sec t ion  4.1. The only ohange conoerns t h e  anode oonneotor and i ts  immediate 
surroundings.  The heavy shank of t h e  anode oonneotor, whioh i s  normally 
s ea t ed  i n  t h e  oeramio of t h e  t e rmina l  s e a l ,  w a s  reduced from 0.250'' t o  0.155". 
Three i n s u l a t o r  m a t e r i a l s  were used t o  enc lose  t h e  anode oonneotor shank. 
These m a t e r i a l s  were : l ava  rod, isomioa and oeramio tub ing .  The purpose of 
t h e s e  i n s u l a t o r s  w a s  t o  diminish t h e  p o s s i b i l i t y  of having a n  e l e o t r o n i o a l l y  
oonduative pa th  between t h e  anode oonnector and the  o e l l  oase.  Five o e l l s  
were oonstruoted us ing  the  isomioa i n s u l a t o r ;  t h r e e  o e l l s  were oonstruoted 
us ing  t h e  oeramio i n s u l a t o r ;  and one c e l l  w a s  cons t ruc ted  us ing  the  l ava  in-  
s u l a t o r .  I n  add i t i on ,  two 0811s were oonstruoted having no i n s u l a t o r  m a t e r i a l .  
The r e s u l t s  of t hese  t e s t s  i nd ica t ed  t h a t  no s i g n i f i c a n t  d i f f e r ence  occurred.  
For example, t h e  t e s t s  t h a t  were run  without any i n s u l a t o r  mater ia l ,  gave 
l i v e s  of 116 hours and 148  hours;  t h e  t h r e e  c e l l s  wi th  ceramic i n s u l a t o r s  
gave l i v e s  of 117 hours, 142 hours and 152 hours .  The s c a t t e r  of r e s u l t s  i n  
the  two circumstances does not  a l low f o r  any conclusion t o  be drawn. 
5 . 2  Work Al t e rna t e  Flow Chart 
A NASA b r i e f i n g  was held concerning our work a t  t h i s  stage of development. 
I n  t h i s  d i scuss ion  it was r e a l i z e d  t h a t  two major problems ex i s t ed ,  i . e .  
e l e c t r i c a l  problems and environmental problems. Based on t h e  recommendations 
of our previous t e s t i n g ,  it was concluded t h a t  t hese  recommendations should 
be incorpora ted  i n t o  c e l l s  and examined t o  determine i f  it d id  so lve  e i t h e r  
o r  both of t h e s e  problems. The modi f ica t ions  were made on t e n  c e l l s ;  f i v e  
of t h e s e  c e l l s  were t o  be used as c o n t r o l  u n i t s ,  and f i v e  were t o  be t e s t e d  
environmental ly  and subsequently,  discharged e l e c t r i c a l l y .  The r e s u l t s  ob- 
t a i n e d  from t h e  t e s t s  on t h e s e  t e n  c e l l s  would lead  t o  one of fou r  d i f f e r e n t  
approaches. These a l t e r n a t i v e s  a r e  given i n  t h e  Work Al t e rna t ive  Flow Chart 
i n  Figure 27. The four  l e g s  of t h i s  c h a r t  a r e  based upon t h e  f o u r  cond i t i ons  
t h a t  could e x i s t  r e s u l t i n g  from t h e  t e s t s  of t h e  t e n  c e l l s .  I f  t h e  r e s u l t s  
of t he  t e n  c e l l s  i n d i c a t e  a n  e l e c t r i c a l  problem, then  t h e  c h a r t  i n d i c a t e s  
t h a t  t h r e e  te rmina l  s e a l s  should be s tudied  t o  determine i f  t h i s  s o l v e s  t h e  
problem. I f  a n  environmental problem s t i l l  e x i s t s  a f t e r  t hese  t e s t s ,  a l l  
environmental t e s t i n g  w i l l  be e l imina ted  from f u r t h e r  s tudy .  
During t h i s  NASA br i e f ing ,  it was concluded t h a t  f u r t h e r  t e s t i n g  a t  5 3 8 ' ~  
should be e l imina ted  due t o  t h e  extremely poor performance repor ted  e a r l i e r .  
I n  l i e u  of t h i s  temperature,  it was decided t h a t  f u r t h e r  t e s t i n g  should be 
continued a t  371°C. Consequently, t he  t h r e e  temperatures  t h a t  w i l l  be s tud ied  
hencefor th  a r e  371°c, 427OC and 481°C. 
5 .2 .1  Prel iminary Tes t ing  of Uodified C e l l s  
This  s e c t i o n  d e a l s  s t r i c t l y  wi th  the  flow c h a r t  shown i n  Figure 27. The 
flow c h a r t  i n d i c a t e s  t h a t  t h e  f i r s t  t e s t i n g  t h a t  should be done involves t h e  
t e n  c e l l s  t h a t  have a l l  t h e  previously recommended modi f ioa t ions .  These modi- 
f i c a t i o n s  a r e  descr ibed  i n  Sec t ion  4.3.  These t e s t s  were prel iminary t e s t s  
t o  i n d i c a t e  whether continued environmental o r  e l e c t r i c a l  problems e x i s t e d .  
Consequently, t h e  t e n  c e l l s  were divided i n t o  two groups, f i v e  c e l l s  being 
c o n t r o l  u n i t s  and f i v e  c e l l s  being examined environmental ly  and subsequent ly 
being discharged e l e c t r i c a l l y .  
The f i v e  c o n t r o l  c e l l s  were discharged a t  a cons tan t  temperature of 427'12 
at  t h e  nominal duty cycle  g iven  i n  Seot ion 3 . 1 - 1 ,  The r e s u l t s  of t h e  ind iv idua l  
c o n t r o l  t e s t s  a r e  shown i n  Table 1, Appendix 1, and a r e  l abe l ed  t e s t  numbers 
409 t o  413. A summary of t h e s e  d a t a  i s  given i n  Table 16.  A t y p i c a l  d i scharge  
curve f o r  t hese  o o n t r o l  u n i t s  i s  shown i n  Figure 28. 
Table 16  
Average Data f o r  Modified C e l l s  
Tempegature Li fe  Cathode Self-Discharge T e s t s  Averaged: 
( 0) (h r s  . ) U t i l i z a t i o n  Current  Tes t s  Run 
I f  t h e  average r e s u l t s  from Table 16  a r e  compared t o  those c o n t r o l  u n i t s  
shown i n  Table 15, it i s  seen  t h a t  a considerably decreased l i f e  e x i s t s  i n  our 
present  u n i t s .  This  can  most probably be at t r ibuJced "c a P e s t r i o t e d  l a t e r a l  
volume f o r  oathode expansion. A s  may be r eca l l ed ,  t he  cathode i n  t h i s  case 
w a s  wrapped w i t h  g l a s s  t a p e  s o  it would f i t  snugly a g a i n s t  t he  walls of t h e  
c e l l  case .  Because of t h i s ,  l a t e r a l  volume expansion of t h e  cathode was oon- 
s i d e r a b l y  r e s t r i c t e d  and t h e  expansion was requi red  t o  t ake  place i n  t h e  v e r t i c a l  
d i r e c t i o n .  A s  w a s  noted on t h e  post-mortems of t hese  u n i t s ,  t h e  cathode swe l l i ng  
i n  t h e  v e r t i c a l  d i r e c t i o n  w a s  considerably g r e a t e r  t h a n  t h a t  found f o r  those  
u n i t s  l i s t e d  i n  Table 14. The v e r t i c a l  growth r a t e  of t h e  cathode i n  t hese  
l a t t e r  t e s t s  was ca l cu la t ed  t o  be 0.20 mm/hr. I n  t h e  c o n t r o l  t e s t s  of Table 
14, a similar c a l c u l a t i o n  shows t h a t  a growth r a t e  of 0.19 mm/hr e x i s t e d .  
This  is  a d i f f e r e n c e  of approximately 15% i n  t h e  growth r a t e .  The average 
l i v e s  of t h e  u n i t s  i n  Table 1 6  compared t o  those i n  Table 1 4  a l s o  ind ica t ed  
a n  approximate 15% d i f f e r e n c e .  This  i n  t u r n  would i n d i c a t e  t h a t  t h e  c e l l  l i f e  
i s  dependent on how much cathode r e a c t i o n  product e x i s t s  on t o p  of t h e  a c t i v e  
cathode ma te r i a l .  There a r e  two poss ib le  explana t ions  t h a t  become apparent .  
One explanat ion would involve t h e  production of l i t h ium oxide as one of t h e  
products of the  cathode r eac t ion .  I n  t h i s  oase the  f r eez ing  point  of the  
e l e c t r o l y t e  i n  t h e  cathode w i l l  be a f f e c t e d  i n  such a way t h a t  a f t e r  running 
f o r  a c e r t a i n  period of time the  e l e c t r o l y t e  i n  the  cathode would f reeze .  
The phase diagram f o r  KC1-LiC1 e u t e c t i c  shows t h a t  i f  t he  mixture is  7% de- 
f i c i e n t  i n  LiCl it w i l l  f reeze  a t  427'~.  
The second poss ib le  explanat ion would involve t h e  p o s s i b i l i t y  t h a t  the  
oathode has become e l e c t r o l y t e  s ta rved during the  c e l l  operat ion.  A s  t h e  
copper r eac t ion  product i s  b u i l t  up on the  a c t i v e  copper oxide cathode, it 
is  possible that d i f f u s i o n  of t h e  e l e c t r o l y t e  i n t o  the  remainder of the  
copper oxide is  very slow. I n  t h i s  oase the  cathode r e a c t i o n  w i l l  d i scont inue  
due t o  l ack  of s u f f i c i e n t  quant i ty  of e l e c t r o l y t e .  
The remaining f i v e  c e l l s  were subjected t o  environmental t e s t i n g  a s  des- 
c r ibed  i n  Sect ion  4.2. The r e s u l t s  of t h e  environmental t e s t i n g  a r e  given 
i n  Table 17. Af te r  the  environmental t e s t s ,  X-rays were taken of t h e  c e l l s  
and t h e  r e s u l t s  observed a r e  a l s o  shown i n  Table 17. The c e l l s  were then  
0 discharged a t  427 C under the  nominal duty cycle given e a r l i e r .  
Table 17 
Results  of Vibrat ion Tes t ing  
Tes t  No. Resulting Damage 
Shown By X-Ray X Axis Y Axis Z Axis 
415 None None None None 
416 1800 e 32g peaks None 680 @ 16g peaks None 
1611 s 22.5g peaks 
1700 e 27g peaks 
417 None None None None 
41 8 None None None 
41 9 None None 1640 @ 26g peaks 
None 
None 
The average d a t a  f o r  t hese  t e s t s  a r e  shown i n  Table 16 .  The ind iv idua l  
t e s t s  a r e  given i n  Table 1, Appendix 1, as t e s t s  numbers 415 t o  419, i n c l u s i v e .  
A t y p i c a l  d i scharge  curve is a l s o  g iven  i n  F igme  28. 
A s  i nd i ca t ed  i n  Table 17, t h r e e  u n i t s  had no resonant  f requencies .  Two 
of t h e  f i v e  c e l l s  had resonance on t h e  Z-axis and one of t hese  same two u n i t s  
had resonance i n  t h e  X-axis. Comparing t h e  d a t a  i n  Table 17  t o  t h e  d a t a  i n  
Table 15, it can be seen t h a t  t h e  l a t t e r  resonant  f requencies  were considerably 
increased  i n  frequency and t h e  g-peaks have been considerably decreased.  It 
must a l s o  be noted t h a t  60% of t h e  u n i t s  had no resonant  f requencies  a t  a l l .  
X-ray a n a l y s i s  a l s o  ind ica t ed  no i n t e r n a l  problems were ev iden t .  
The average r e s u l t s  of t he  e lec t roohemica l  discharge as shown i n  Table 16  
show t h a t  a decreased l i f e  e x i s t e d  a f t e r  t h e  environmental t e s t i n g .  Analysis  
of t h e  environmental t e s t  r e s u l t s  and t h e  e lec t rochemica l  d i scharge  r e s u l t s  
give no c l e a r  i n d i c a t i o n  t h a t  t he  decreased l i v e s  were due t o  t h e  environmental 
t e s t i n g .  I f  t h e  environmental t e s t i n g  were of s u b s t a n t i a l  bear ing  on t h e  
e lec t rochemica l  performance, it might be suspected t h a t  t h e  u n i t s  having 
resonance would g ive  t h e  poorest  performance. However, it is i n s t r u c t i v e  
t o  note t h a t  t h e  longes t  and t h e  s h o r t e s t  runs were those  c e l l s  having no 
resonant  f requencies .  The two u n i t s  having resonance r an  as  mediocre u n i t s .  
Consequently, no d i r e c t  r e l a t i o n s h i p  can  be made between c e l l s  having reson- 
ance and t h e i r  l e n g t h  of e lec t rochemica l  d i scharge  l i v e s .  
The i n s t r u c t i o n s  g iven  according t o  Figure 27 i n d i c a t e  t h a t  i f  any de- 
c r ease  i n  l i v e s  r e s u l t s  a f t e r  t h e  environmental t e s t i n g  it i s  t o  be assumed 
t h a t  environmental t e s t i n g  had a n  a f f e c t  on these  l i v e s  and t h a t  f u r t h e r  
environmental s t u d i e s  should be d iscont inued .  
5 .2 .2  E l e c t r i c a l  Problems 
A s  mentioned i n  t h e  previous sec t ion ,  it w a s  assumed t h a t  t h e  environ- 
mental problems caused a decrease i n  t h e  c e l l  l i v e s  and consequently i t  must 
be assumed t h a t  t h e  environmental t e s t i n g  had a n  e f f e c t  on t h e  performance 
of t h e  c e l l s .  I n  a l i k e  manner, s ince  t h e  average c e l l  t e s t  i n  a l l  ca ses  
were l e s s  t han  150 hours (-the pro jec ted  l i f e ) ,  it must a l s o  be assumed t h a t  
a n  e l e c t r i c a l  problem e x i s t e d .  Refer r ing  a g a i n  t o  Figure 27, it i s  ind ica t ed  
t h a t  i f  e l e c t r i o a l  and environmental problems e x i s t ,  t hen  t h e  work s h a l l  
progress  accord ing  t o  l e g  D of t h e  work schedule.  Along t h i s  l e g  no f u r t h e r  
environmental s t u d i e s  a r e  i nd ica t ed .  
The prime emphasis a t  t h i s  po in t  t h e n  w i l l  be t o  produoe a c e l l  wi th  t h e  
des i r ed  150 hour l i f e .  This  approaoh w i l l  s t r i c t l y  emphasize t h e  so lv ing  of 
any e l e o t r i c a l  problems. 
Refer r ing  t o  Sec t ion  5 . 1  it i s  seen  t h a t  t he  i n s u l a t o r s  around t h e  anode 
conneotor d i d  not  solve t h e  te rmina l  s e a l  h igh  r e s i s t a n c e  s h o r t i n g  problem. 
By mutual agreement between NASA and CRC it w a s  decided t o  i n v e s t i g a t e  whether 
var ious  shapes and s i z e s  of t e rmina l  s e a l s  would circumvent t h i s  problem. 
Three t e rmina l  s e a l s  were s e l e c t e d  t o  be s tud ied .  These s e a l s  a r e  shown i n  
Figure 30. Anode oonneotor p ins  were dimensional ly designed t o  uniquely  f i t  
eaoh of t h e s e  s e a l s .  These anode connector dimensions a r e  shown i n  Figure 
31. I n  a l l  o the r  r e speo t s  t h e  c e l l s  were cons t ruc ted  as ind ica t ed  i n  
Seot ion  4.0.  I n  t h e  oase of t h e  B-50-1 t e rmina l  s e a l  Varglas s l eev ing  w a s  
plaoed around the  anode connector t o  i n h i b i t  t h e  flow of copper p a r t i c l e s  
t o  t h e  ceramio sur faoe .  
These f i f t e e n  0811s were t e s t e d  a t  427'0 a t  t h e  nominal du ty  cyc le .  The 
ind iv idua l  t e s t  r e s u l t s  f o r  t h e s e  f i f t e e n  c e l l s  a r e  given i n  Appendix 1, 
Table 1 as t e s t  numbers 423 t o  438 ino lus ive  except f o r  t e s t  number 433. 
Table 1 9  g ives  t h e  t e s t  r e s u l t s  of t h e  t e rmina l  s e a l s  s tud ied .  C e l l s  oon- 
s t r u o t e d  from one of t he  te rmina l  s e a l s  (B-75-1) had d a t a  so  s c a t t e r e d  t h a t  
i t  was impossible t o  include t h e  r e s u l t s  as a summary i n  Table 18. Typioal  
d i scharge  curves f o r  t h e  two s e a l s  repor ted  i n  t h e  t a b l e  a r e  given i n  Figures  
32 and 33. 
Table 1 8  
Al te rna te  Terminal S e a l  Tes t ing  
Terminal Life  Cathode Self-Discharge Number of 
S e a l  (h r s  - U t i l i z a t i o n  Current Repl ica tes  
D-312 137.8 5 15.4 75.0 + 8.3  79.6 34.7 5 :5 
The average l i f e  of the  c e l l s  with the  A l i t e  D-312 terminal  s e a l s  was 137.8 
hours. This  i s  not  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  r e s u l t s  with the  B-50-1 
te rminal  s e a l s  which had a n  average l i f e  of 138.5 hours.  None of the  c e l l s  
leaked and no s h o r t i n g  was observed ac ross  t h e  t e rmina l  s e a l s .  
The l i v e s  of t h e  c e l l s  with the  A l i t e  B-75-1 t e rmina l  s e a l s  were widely 
sca t t e red .  T e s t s  435 and 437 leaked where t h e  anode connector is welded t o  
the te rminal  cap. These l eaks  occurred because t h e  welds had t o  be made 
without d i s t u r b i n g  t h e  th reads  on the  te rminal  s e a l  cap. Therefore, no 
excess metal  could flow over t h e  s i d e s  of the  t e rmina l  cap. I n  addi t ion ,  
post-mortems of t e s t s  444, 435 and 437 had heavy copper depos i t s  on t h e  anode 
ind ica t ing  sepa ra to r  f a i l u r e .  None of t h e  t e s t s  exh ib i t ed  te rminal  s e a l  
shor t ing  . 
This  t e s t i n g  completed the  study of the  th ree  te rminal  s e a l  designs as 
a  possible method f o r  e l imina t ing  the  shor t ing  problem. When the  Varglas 
s l eev ing  was f i r s t  used, wi th  t h e  B-50-1 te rminal  sea l ,  t he  shor t ing  prob- 
lem was el iminated.  The o ther  two designs were inves t iga ted  t o  i n v e s t i g a t e  
the  e f f e c t  of d i f f e r e n t  s i z e s  and conf igura t ions  on t e rmina l  s e a l  shor t ing .  
The r e s u l t s  show t h a t  a11 the  s e a l s  a r e  capable of y i e l t i n g  a 150 
hour l i f e .  There was no te rminal  s e a l  shor t ing  i n  any of t h e  c e l l s .  There- 
fore,  it is  d i f f i c u l t  t o  choose che best  te rminal  s e a l  des ign  on the  basis 
of the  electrochemical  performance of t h e  c e l l  on which t h e  s e a l  was used. 
However, one design shows d e f i n i t e  s u p e r i o r i t y  on a cons t ruc t iona l  bas i s .  
The B-50-1 s e a l  has 0,031 inches of ceramic exfending below the  f lange 
(see Figure 30).  On the  o the r  .sad, t he  0-312 s e a l  has 0.25 inches and t h e  
B-75-1 s e a l  has 0.375 inches.  I2 t he  molten s a l t  f r eezes  a g i n s t  a  l a r g e  
ceramic mass during block cast ing,  it is very d i f f i c u l t  t o  remove the  block 
from the  mold. When c a s t i n g  s a l t  blocks f o r  D-312 s e a l s ,  o r  B-75-1 sea l s ,  
t he  ceramic por t ion  which extends i n t o  t h e  case mold must be covered t o  
prevent t h e  molten salt from wet t ing  the  oeramic su r face .  This  precaution 
i s  unnecessary wi th  t h e  B-50-1 te rminal  s e a l .  Therefore, t h e  B-50-1 t e rmina l  
s e a l  was adopted f o r  t h e  remaining t e s t s .  I n  addi t ion ,  they  had Varglas 
s l eev ing  around t h e  anode oonnestor.  
During t h e  course of t h i s  pro jec t ,  post-mortems have shown t h a t  t h e  sep- 
a r a t o r  had broken i n  many t e s t s  dur ing  t h e  d ischarge  cycle  causing t h e  c e l l  
t o  d i e  prematurely. I n  a n  e f f o r t  t o  achieve b e t t e r  r ep roduc ib i l i t y ,  CRC 
sponsored the  f a b r i c a t i o n  and t e s t i n g  of two c e l l s  u s ing  a g l a s s  t ape  s e p a r a t o r  
i n  place of t h e  Vi t ron .  The g l a s s  t ape  was Hessgon B from t h e  Hess Goldsmith 
Company and was 5 m i l s  t h i c k .  The c e l l s  were discharged under t h e  same con- 
d i t i o n s  as t h e  o t h e r  c e l l s  i n  t h i s  s e c t i o n .  The r e s u l t s  of t h e  t e s t s  on 
these  c e l l s  a r e  given i n  Table 1 9  and Figure 34. 
Table 1 9  
Tes t  Resul t s  of C e l l s  With Glass Tape Separa tors  
T e s t  C e l l  Cathode Self-Discharge 
No. L i f e  (h r s . )  U t i l i z a t i o n  Current 
The l i v e s  and se l f -d i scha rge  cu r r en t s  a r e  q u i t e  reproducib le .  Post-mortems 
of t h e  c e l l s  showed t h r e e  b e n e f i c i a l  r e s u l t s  from t h e  use of t h i s  s epa ra to r .  
F i r s t ,  n e i t h e r  s e p a r a t o r  broke dur ing  block c a s t i n g  o r  dur ing  d ischarge .  
Second, both s e p a r a t o r s  r e t a ined  t h e i r  o r i g i n a l  shape and dimensions dur ing  
t h e  e n t i r e  l i f e  of  t h e  c e l l .  Third, t h e  g l a s s  t ape  allowed d i f f u s i o n  of 
e l e c t r o l y t e  i n t o  t h e  anode chamber as t h e  anode w a s  oxidized, ye t  it kept  
copper p a r t i c l e s  from reaching  t h e  anode su r f ace .  Fab r i ca t ion  i s  a l s o  e a s i e r  
because the  g l a s s  t ape  i s  not  as e a s i l y  a l t e r e d  by handl ing as i s  t h e  Vitron.  
The r e s u l t s  of t h i s  work were repor ted  t o  t he  NASA Contract  Manager. 
By NASA d i r e c t i v e  t h e  g l a s s  tape replaced t h e  Vi t ron  as our  s epa ra to r  ma te r i a l .  
5 .2 .3  Standard C e l l  Design Tes t s  a t  Three Temperatures 
The ob jec t ive  of t h i s  phase of t h e  work w a s  t o  c h a r a c t e r i z e  t h e  performance 
of t h e  c e l l s  a t  t h r e e  temperatures,  namely, 371, 427 and 481°C. 
These c e l l s  were cons t ruc ted  as descr ibed  i n  Sec t ion  4.0 except  t h a t  
Varglas s l eev ing  w a s  used around t h e  anode connector and t h e  g l a s s  t ape  
s e p a r a t o r  was used i n  place of t h e  Vi t ron  sepa ra to r .  Five c e l l s  were t e s t e d  
a t  each of t h e  t h r e e  above-mentioned temperatures .  The r e s u l t s  of t h e s e  
t e s t s  a r e  shown i n  Table 1, Appendix 1 as t e s t  numbers 440 t o  455 except  f o r  
t e s t  number 445. I n  a d d i t i o n  t h e  r e s u l t s  of t hese  t e s t s  a r e  summarized i n  
Table 20 and t y p i c a l  curves a r e  shown i n  Figures  35, 36 and 37 f o r  each of 
t h e  t h r e e  temperatures .  
Table 20 
C e l l s  With Glass  Tape Separa tors  
Li fe  C a t  hode Self-Discharge Tes ts  
( h r s  . ) U t i l i z a t i o n  Current  Averaged : 
(% > (ma  Tes t s  Run 
427 159.4 f 2.5 86.7 2 1 . 4  25.8 2 2.4 5 :5 
371 76.2 f 17.4 41.4 ' 9.6 15 .9  2 3.7 5  :5 
4  81  155.5 + 4.7 84.7 ?: 2.4 39.0 2 6.9 4  : 5  
The r e s u l t s  of t h e  t e s t i n g  a t  3 7 1 ' ~  show s h o r t  l i f e  and low s e l f - d i s -  
charge c u r r e n t s .  The salt  was much c l o s e r  t o  i t s  mel t ing  poin t  du r ing  these  
t e s t s  t h a n  it i s  normally. Lithium chloride-potassium ch lo r ide  e u t e c t i c  melts  
a t  352 .5 '~ .  This  lower temperature i nc reases  t h e  r e s i s t a n c e  and d e n s i t y  of 
t h e  e l e c t r o l y t e .  Hence, lower vo l t ages  and se l f -d i scha rge  c u r r e n t s  were 
expected.  I n  a d d i t i o n  these  c e l l s  show a sha rp  dec l ine  i n  vol tage  a f t e r  10-15 
hours  l i f e .  This  probably i s  a n  e f f e c t  r e l a t e d  t o  t h e  increased  concent ra t ion  
of magnesium ch lo r ide  i n  t h e  ano ly t e  o r  l i t h i u m  oxide i n  t h e  oa tho ly t e .  The 
a d d i t i o n  of t hese  r e a c t i o n  products cause a n  e l e v a t i o n  i n  t h e  e l e c t r o l y t e  
f r e e z i n g  poin t .  
The t e s t s  run  at  481°C d i d  not  i n d i c a t e  any s i g n i f i c a n t  decrease i n  l i f e  
a s  oornpared t o  t h e  t e s t s  a t  t he  des ign  point ,  i . e .  427 '~ .  Se l f -d ischarge  r a t e ,  
however, was s l i g h t l y  h igher .  A s  might be expected, t h e  d i f f u s i o n  r a t e  of 
t h e  copper oxide t o  t h e  magnesium anode w a s  dependent upon temperature,  i . e  . 
t he  s e l f -d i scha rge  r a t e  w a s  dependent on t h e  temperature.  A t  371°C t h e  s e l f -  
0 d i scharge  r a t e  lower while a t  481 C t h e  se l f -d ischarge  r a t e  w a s  t h e  h ighes t .  
The 4 2 7 ' ~  t e s t s  showed a se l f -d i scha rge  r a t e  t h a t  was in te rmedia te  t o  t h e  
o t h e r  two tempera tures .  
It appears  from these  r e s u l t s  that highly e f f i c i e n t  opera t ion  of t h i s  c e l l  
0 
could t ake  place a t  a  temperature as low as 400 C .  The reasonable upper l i m i t  
of temperature is  d i c t a t e d  by extremely high se l f -d ischarge  r a t e s .  
6.0 F i n a l  C e l l  Design 
A f i n a l  c e l l  des ign  is  g iven  i n  Appendix 111. This  appendix g ives  a  
breakdown of design, cons t ruc t ion  and q u a l i t y  c o n t r o l  of t he  c e l l .  Th i s  
appendix inc ludes  t h e  fol lowing:  
1. Engineering drawings 
2. Fab r i ca t ion  flow c h a r t  
3 .  Operation sequences 
4. Tes t ing  procedures 
5 .  In spec t ion  sequences 
6.  Mater ia l  spec i f  i c a t i o n s  
7.  L i s t  of vendors 
7.0 Del ivery  
Twenty c e l l s  were cons t ruc ted  according t o  t h e  f i n a l  des ign  s p e c i f i c a t i o n s  
given i n  Appendix 111. F i f t e e n  of t hese  u n i t s  were de l ive red  t o  NASA and f i v e  
were t e s t e d  f o r  NASA a t  the  CRC f a c i l i t y .  The r e s u l t s  of t hese  f i v e  were 
de l ive red  as p a r t  of t h e  f i n a l  d e l i v e r y  i tems.  The ind iv idua l  r e s u l t s  of t h e s e  
t e s t s  a r e  given i n  Table 1, Appendix I as t e s t  numbers 440 t o  444 i n c l u s i v e .  
8.0 Summary of Accomplishments and Conclusions 
A l l  ob j ec t ives  of t h e  program were succes s fu l ly  achieved.  A summary of 
t h e  conclusions a r e  given below. 
1. A complete q u a l i t y  c o n t r o l  program and c e l l  cons t ruc t ion  flow oha r t  
was formulated based on t h e  succes s fu l  experimental  f a b r i c a t i o n  and t e s t i n g  
of components and c e l l s .  
2 .  Fabr i ca t ion  techniques  have been defined t o  produce  cathodes with 
reproducib le  bulk d e n s i t i e s .  
3 .  Three m i l  copper needles  produced cathodes wi th  the  b e s t  e l e c t r o -  
chemical performance . 
4 -  Ten m i l  copper needles  cannot be oxidized t o  100% CuO by thermal  
ox ida t  i o n .  
5. A 61 ampere-hour cathode input  capac i ty  is  requi red  t o  r e l i a b l y  
d e l i v e r  50 ampere-hours. 
6.  Cathode bulk d e n s i t i e s  can be ~ o n t r o l l e d  between 3.18 and 3.38 gms/oc 
and bulk d e n s i t y  w a s  accepted as a q u a l i t y  c o n t r o l  measure. 
7 .  Cathode su r f ace  a r e a s  a r e  t o o  low t o  be used as a q u a l i t y  c o n t r o l  
measure. 
8 .  Within one sigma of t h e  average, t he  pore volumes of t he  oathodes 
between 1 and 30 p pore diameter  f a l l  i n  t h e  range of 64.1 t o  75.9% of t h e  
t o t a l  volume. 
9. Modulus of rup tu re  t e s t s  on t h e  cathode g ives  i n s u f f i c i e n t  meaningfnl 
d a t a  t o  be used as a r e l i a b l e  q u a l i t y  con t ro l  t e s t .  
10 .  Compression t e s t s  of t h e  cathode show a one sigma range of 489 t o  
587 pounds us ing  a 114" d i a .  plunger.  
11. A n i c k e l  anode connector can be s u c c e s s f u l l y  used and joined t o  t h e  
anode by a threaded screw connect ion.  
12 .  A double l a y e r  of 5  m i l  t h i c k  g l a s s  tape ,  square weave, s epa ra to r  gave 
the  b e s t  performance i n  e lec t rochemica l  t e s t i n g .  
13 .  Grade A n i c k e l  w a s  found t o  be a n  e f f e c t i v e  c e l l  case ma te r i a l .  
14.  C e l l  ca ses  w i th  ceramic t e rmina l  s e a l s  and electron-beam welded 
0 j o i n t s  were shown t o  be hermet ica l ly  sea led  a t  room temperature and 800 F. 
15.  A l i t e  B-50-1 ceramic t e rmina l  s e a l s  w a s  t h e  most s a t i s f a c t o r y  t e r m i n a l  
examined . 
16 .  Weld j o i n t s  and t e rmina l  s e a l s  were shown t o  be unaf fec ted  dur ing  
thermal  shock as determined by helium l e a k  t e s t s .  
0 17.  The t e rmina l  s e a l s  and weld j o i n t s  remain unaf fec ted  a t  800 F i n  t h e  
presence of e l e c t r o l y t e  and CuO over a 200 hour per iod as determined by 
a c t u a l  runs  and helium l e a k  t e s t s .  
18.  Fully assembled c e l l s  were found t o  be l e a k  f r e e  and unaf fec ted  by 
hea t ing  t o  800 '~ .  The components maintained t h e i r  o r i g i n a l  p o s i t i o n  through- 
out t he  t e s t ,  a s  determined by X-ray monitoring and post  mortem examinations. 
19.  The use of Varglas s l eev ing  around t h e  anode connector prevents  any 
s i g n i f i c a n t  t e rmina l  s e a l  sho r t ing .  
20. The g l a s s  t ape  sepa ra to r  r e s u l t s  i n  more reproducible  performance 
t h a n  i s  poss ib le  wi th  bulk Vi t ron  "E". 
21. The ope ra t ing  temperature range of t h i s  c e l l  is approximately 400- 
480 '~ .  
9.0 Reoommendations 
This  s e c t i o n  is  designed t o  mention recommendations t h a t  a r e  not  spec i -  
f i c a l l y  noted throughout t h e  t e x t .  The fol lowing recommendations a r e  aimed 
a t  t h e  improvement of oons t ruot ion  techniques and output  performance of t h e  
c e l l .  The fol lowing f e a t u r e s  a r e  of p a r t i c u l a r  importance i n  f u t u r e  use  of 
t h i s  c e l l .  
1. Reduction of e l e c t r o l y t e  volume. 
2. Reduce t h e  case w a l l  th iokness  from 50 m i l s  t o  1 0  m i l s .  
3. Use reagent  grade chemicals i n  preparing t h e  e l e c t r o l y t e .  
4. Keep t h e  cathode th ickness  t o  a minimum and expand t h e  cathode 
pro jec ted  su r f ace  as much as poss ib le .  
5 .  Reduce t h e  i n t e r e l e c t r o d e  spacing t o  decrease the  i n t e r n a l  r e s i s t a n c e  
of t h e  c e l l .  
6.  It is imperat ive t o  have a hermetic s e a l  i n  t h i s  c e l l .  E l e c t r o l y t e  
creeps through t h e  sma l l e s t  ho les  causing cor ros ion .  I n  add i t i on ,  l o s s  of 
e l e c t r o l y t e  w i l l  even tua l ly  cause t h e  c e l l  t o  f a i l .  
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Table 1 - C e l l  T e s t  Data 
T e s t  Cathode Anode Cathode Anode C e l l  
No. Capaci ty  Capaci ty  E f f i c i e n c y  E f f i c i e n c y  Li fe  
( A - ~ r s )  ( A - ~ r s )  (% (% > ( ~ r s  ) 
Copper Needle S i ze  
Cathode Capaci ty  
86.1 93.2 
84.1 89.7 
86.1 94.8 
81.2 83.5 
70.9 80.3 
73.9 77.9 
81.8 90.3 
88.6 92.4 
67.6 80.3 
72 .1  92.7 
76.9 79.0 
77.2 92.3 
73.9 86.4 
65.0 83.2 
75.5 94.9 
Output Diameter 
( A - ~ r s )  (ma > ( i n >  
Table 1 - C e l l  Tes t  Data 
Separa tor  Thickness 
79.4 94.8 
75.2 96.5 
82.2 95.3 
82.8 95.3 
27.3 91.8 
81.6 95.5 
88.1 97.9 
85.6 95.9 
90.0 97.6 
90.0 96.7 
78.4 94.6 
72.2 94.3 
Control  C e l l s  
0.5 
0.5 
0.5 
1.0 
1 . 0  
1 .0  
1 .5  
1 .5  
1 .5  
2.0 
2.0 
2.0 
Temperature 
(OF> 
80 0 
800 
800 
800 
800 
80 0 
800 
800 
800 
800 
900 
900 
900 
900 
900 
Table 1 - Cel l  Tes t  Data 
-
Tes t  
No. 
Cathode 
Capaoit y 
(A-Hrs) 
Anode Cathode Anode Ce l l  
Capacity Eff ic iency Eff ic iency Life 5 . d .  
(A-Hrs) (% > (% > ( H r s  ) (ma > 
Out put Temperatur 
( A - ~ r s )  (OF) 
Control Cel l s  With Modif i c a t i o n s  
- 
Environmental Ce l l s  With Modifioations 
73 .1  70.6 91.2 130.0 29.7 
73.2 39.6 99.3 72.5 2.2 
73.3 31.3 71.3 57.5 140 
73.2 9.6 26.9 17.5 647 
73.2 49.2 90.2 90.5 35.1 
Ce l l s  With Al terna te  Terminal Seals  Terminal 
Seal  
D-312 
D-312 
D-312 
D-312 
D-312 
B-50-1 
B-50-1 
B-50-1 
B-50-1 
B-50-1 
Table  1 - C e l l  T e s t  Data 
r F e s t  Cathode Anode Cathode Anode C e l l  IsSd Out pu t  Terminal  
"$0 . Capac i ty  Capac i ty  E f f i c i e n c y  E f f i c i e n c y  L i f e  (ma ) (A-H~S)  S e a l  ( A - ~ r s )  ( A - ~ r s )  (% ) (% > ( ~ r s  ) 
C e l l s  With Glass Tape S e p a r a t o r s  Temperature 
(OF) 
CuO NEEDLE 
CATHODE 
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A - Fix tu re  Base 
B - Top P l a t e  
C - Spring Retainer  P in  
D - Spr ing  Retainer  Washer 
E - Spr ing  
F - Modulus of Rupture Plunger 
G - Knife-Edge SurPaoe 
# - Cathode 
I - Small Half-Moon Surface 
J - Compression Plunger 
K - Earge blf-Moon Surfaoe 
Assembled F ix tu re  
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Figure 30A 
A l i t e  D-312 
Figure  30B 
A l i t e  B50-1 
A = 0.060 I.D. 
B = 0.437 
C = 0.250 
D = 0.313 
E = 1.313 
F = 0.313 O.D. 
G = 0.437 O.D. 
A l l  dimensions i n  inches.  
Sca l e  = 2 : l  
Shaded p o r t i o n  = Ceramic 
A = 0.062 I . D .  
B = 10-32 TH'D 
C = 0.375 
D = 0.453 
E = 0.859 
F = 0.813 
G = 0.500 
H = 0.250 
A l l  dimensions i n  inches.  
Sca l e  = 2 : l  
Shaded Por t ion  = C e r a m i c  
F i g u r e  30C 
A l i t e  B75-1 
H = 0.750 O.D. 
I = 1.125 O.D. 
A l l  d imens ion  i n  i n c h e s .  
S c a l e  = 2 : l  
Shaded P o r t i o n  = Ceramic  
Figure 31A - Anode Connector 
A l i t e  D-312 Sea l  
A = 2.321 
B = 2.071 
C = 1.50 
D = 0.250 
E = 0.062 
F = 0.250 
G = 10-24 NC Thread 
Scale - 2 :1 
A l l  dimensions i n  inches 
Figure 31B - Anode Connector f o r  
B-55- I  S e a l  
A = 2.321 
B = 0.600 
C = 1.25 
D = 0.250 
E = 0.061 
F = 0.155 
G = 0.250 
H = 10-24 NC Threads 
Sca le  = 2 : l  
A l l  dimensions i n  inches 
Figure 31C - Anode Connector f o r  
B-75-1 S e a l  
A = 2.321 
B = 0.625 
C = 1.346 
D = 0.250 
E = 0.100 
F = 0.250 
G = 10-24 NC Threads 
Sca le  = 2 : l  
All dimensions i n  inches  






Appendix I1 - Sample C a l c u l a t i o n s  
(1) Cathode Capac i ty  
(2)  Output 
(3) Cathode U t i l i z a t i o n  
(4)  Anode Capac i ty  Used 
(5 ) Anode U t i l i z a t i o n  
( 6 )  Average Se l f -Discharge  Cur ren t  
(7)  Anade Capac i ty  - I n i t i a l  
Sample Ca lcu la t ion  f o r  NASA Thermal Ce l l s  
(1)  Cathode Capacity 
I f  e l e c t r o d e s  reach  t h e  predic ted  t h e o r e t i c a l  weight, it can be assumed t h a t  
t h e  oxide i s  100% CuO. I f  t h e  weight is l i g h t ,  t h e  r e l a t i v e  percentages of CuO 
and Cu 0  must be computed. 2  
I n  t h e  case where t h e  proper  weight is  a t t a i n e d :  
8 -h r  Capacity = 
= ( ca th .  weight, gms) (0.674) 
( 2 )  Output 
The time used i n  c a l c u l a t i n g  output  must r e f e r  only t o  t h e  time i n  which 
c u r r e n t  w a s  being passed. 
(1201 cou l /h r  ) ( a c t i v e  running time, h r s  ) A-hr Output = 
= ( a c t i v e  running time, h r s )  (0.334) 
( 3 )  Cathode U t i l i z a t i o n  
This  value r e p r e s e n t s  t h e  r e l a t i v e  amount of t h e  cathode t h a t  was u s e f u l  
out pu t .  
Cath. E f f i c .  % = (output ,  A-hrs )  (Cath. Capacity,  A-hrs )  x 100% 
(4)  Anode Capacity Used 
T o t a l  Anode - 
- 
Used, A-hrs 
( 5 )  Anode U t i l i z a t i o n  
This  value r e p r e s e n t s  t he  quan t i t y  of t h e  anode used i n  p r a c t i c a l  c e l l  
out put.  
(output ,  A-hrs) Anode Eff i o .  % = - 100% ( C I ~ ,  A-hrs) 
( 6 )  Average Self-Discharge Current 
Whenever t h e  c e l l  is  i n  a  molten s t a t e ,  se l f -d ischarge  w i l l  be occurr ing .  
Consequently, t h e  time used i n  t h i s  c a l c u l a t i o n  must r e f l e c t  t h i s  s i t u a t i o n .  
ma = 
 n node Capacity Used, A-hrs - Output, A-hrs )  . 1000  ma/^ 
I s . d . )  (Time i n  molten s t a t e ,  h r s )  
( 7 )  Anode Capaoity - I n i t i a l  
Anode Cap., A-hrs. = ( i n i t i a l  w t  Mg, gms (F)  
(eq w t  Mg, 2/eq) ( ~ i m e  Conversion, s eos /h r )  
= ( ~ n i t i a l  w t  . Mg, gms) (2.205) 

A P P E N D I X  111 
Q U A L I T Y  CONTROL 
AND 
C O N S T R U C T I O N  PROGRAM 
S e c t i o n  1 
C e l l  F a b r i c a t i o n  and T e s t i n g  
Drawings 
1. A l l  drawings a r e  according t o  s tandards  s e t  f o r t h  
i n  MIL-D-1000, Category A, Form 2. 
2. A l l  dimensions a r e  i n  inches.  
100 - Cel l  Case, Nickel  200 
101 - Case Cover, Niokel 200 
- 127 - 
102 - Case  Bottom P r e p a r a t i o n  
- 128 - 
103 - Terminal Seal Alite B50-1 
Manufacturer's Tolerances + 0.005 unless Otherwise Stated 
- 
104 - Terminal Pin, Niokel 200 
- 130 - 
105 - Anode Connector Nickel 200 
106 - Anode Magnesium, Wt. 33.320 + 0.250 g. 
- 
108 - Anode Sepa ra to r  
Hesgon "B" Glass Tape - 5 m i l s  t h i c k  
2 d i s c s  pe r  p a r t  
107 - Anode Connector Sleeve 
Varg las  Type "H" 
110 - S a l t  Block Assembly 
111 - Electron Beam Velding, Allowable 
Weld Joint Tolerance = +0.000, 
-0.002 
Operation 51 Operation 52 
Operation 56 Operation 78 
112 - Cathode Retainer Ring Weld 
Operation 60 
113 - Cathode Retainer  Ring, Nickel 200 
- 136 - 
114 - Cathode C u O  Needles 
Weight = 90.6 - 91.2 g. 
Density = 3 -18 - 3.38 g/cc 
T e r m i n a l  S e a l  
Anode Connector  
S l e e v e  
Anode Connec to r  
Mg Anode 
Sa , l t  Level  
Cathode R e t a i n e r  
Ring 
Case Bottom 
115A - Thermal C e l l  
115B - Thermal Cell 
116 - Case Mold Nickel 200 
117 - Heat S ink  - Aluminum 

Heat Sink  As 
A - Copper E i r e  
B - Wire Guide 
C - Rol l e r  
Artos Model M E i r e  C u t t e r  
- 144 - 
D - Rol l e r  Tension 
Adjustment 
E - Cut t ing  Blade 
121 - Mica Sleeve - Mica 
Thickness 0.003 +0, -0.001 
122 - Mioa Disc - Mica Thiokness 
Q.QQ3 +0, -0.001 
123- Glass Rook Mold 
- 147 - 
124 - Fixture, Aluminum 
- 148 - 
325 - Die, Aluminum 
- 149  - 
Top Plate of Fix 
Copper Needles 
Mica Sleeve 
Glassrock Mold 
Fixture Base 
ture 
127 - Terminal Connector, Nickel 200 Rod 
- 251 - 

OPERATION SEQUENCES 
Trim t h e  he ight  of t h e  case t o  3.403 inches per  drawing 100. 
Counterbore t h e  open end of t h e  case as shown i n  drawing 100. 
F l a t t e n  t h e  bottom of t h e  case us ing  a n  Arbor P re s s .  This  i s  
done t o  i n su re  a f l a t  su r f ace  f o r  t h e  counterbore which accep t s  
t h e  t e r m i n a l  s e a l .  I f  t h e  counterbore i s  not f l a t ,  t h e  t e rmina l  
s e a l  w i l l  no t  f i t  properly.  
Shear t h e  n i c k e l  shee t  i n t o  2.750 inch  squares .  
Stamp out  a 2.60 inch  d i s c  from each square.  
Deburr t h e  cover.  Degrease the  cover i n  vapors of ho t  t r i c h l o r o -  
e thylene .  
Machine t h e  case cover s o  t h a t  it is a press  f i t  i n  t h e  counterbore.  
Counterbore t h e  case bottom t o  match t h e  t e rmina l  s e a l  (see drawings 
102 and 103) .  Wke t h e  edges of t h e  counterbores  as sha rp  as 
poss ib l e  t o  f a c i l i t a t e  welding t h e  s e a l  t o  t he  case bottom. Match 
t h e  s e a l  t o  t h e  counterbore. 
D r i l l  a 0.109 inch  hole i n  t h e  case bottom as shown i n  drawing 102. 
Deburr t h e  counterbore, hole,  and oover. 
Degrease t h e  can, cover, and s e a l  i n  vapors of ho t  t r i c h l o r o e t h y l e n e .  
Etch number on matched case and case cover.  
Cut t h e  n i c k e l  rod i n t o  1.000 inch  p ieces .  
Trim the  0.D of t h e  rod t o  0.109 inches  except f o r  a 0.032 inch  por- 
t i o n  of t h e  l eng th .  Taper t h i s  po r t ion  s o  t h a t  t h e  0.D of  t h e  rod 
goes frorc 0.109 inches t o  0.125 inches (see Drawing 104) .  
Degrease t h e  t e rmina l  p in  i n  vapors of hot  t r i c h l o r o e t h y l e n e .  
Cut t h e  magnesium rod i n t o  a d i s c  0.633 inches t h i c k .  Face t h e  t o p  
and bottom of t h e  d i s c  (see Drawing 106) .  
Degrease the  magnesium d i s c  i n  vapors of ho t  t r i c h l o r o e t h y l e n e  . 
D r i l l  a hole  i n  t h e  anode us ing  a number 17 d r i l l .  Hole depth  = 
0.250 inches .  
Tap t h e  hole  u s ing  a 10-24 NC f l a t  bottom t a p  (see Drawing 106) .  
Weigh t h e  anode. 
Machine t h e  n i c k e l  rod per  drawing 105. Cut t he  rod i n t o  2.321 
inch p ieoes .  Trim the  O . D .  as shown. Make su re  t h a t  t h e  0.250 
inch  po r t ion  above t h e  th reads  forms a shoulder  a g a i n s t  which t h e  
anode can be t i gh tened .  
Deburr and degrease t h e  oonneotor i n  vapors of hot  t r i oh lo roe thy lene .  
Screw the  anode connector i n t o  t h e  anode. Secure t h e  anode i n  a 
v i s e .  Use p l i e r s  t o  t i g h t e n  t h e  assembly u n t i l  t h e  su r f ace  of 
t h e  anode i s  f l u s h  wi th  t h e  shoulder  of t h e  oonneotor. 
Cut t h r e e  pieoes of Varglas s l eev ing .  The s l eev ing  is received 
i n  t h r e e  d iameters :  
S i ze  No. 
5  
6 
7 
Inner  Diameter, Inches 
0.182 - 0.198 
0.162 - 0.178 
0.144 - 0.158 
Cut a  1.25 inch  piece of each s i z e  of s l eev ing .  
Form a th ree - l aye r  s i n g l e  s l eeve  from t h e  pieoes.  S l i d e  t h e  No. 7  
piece of s l eev ing  over t h e  0.155" diameter  of a n  anode oonnector. 
Then, s l i d e  t h e  next two pieoes over t h e  oonnector.  Remove the  
s leeve  from the  oonneotor. 
I n s e r t  t he  anode oonnector i n t o  the  anode oonneotor s l eeve .  
Cut two d i s o s  from t h e  r o l l  of Hesgon "B" g l a s s  t ape  us ing  a 6 
inch  diameter  template .  
Place anode i n  t he  c e n t e r  of t h e  sepa ra to r .  Two d i s o s  placed 
on t o p  of one ano the r  c o n s t i t u t e  t h e  sepa ra to r .  
P u l l  t h e  s epa ra to r  up  around t h e  anode. Gather t h e  excess  g l a s s  
t ape  around t h e  base of t h e  anode oonneotor. 
Anneal t h e  Duraniokel wire .  Put t h e  wire i n t o  a co ld  furnaoe. 
Turn on t h e  furnace and a l low t h e  temperature t o  reach  1600 '~ .  
Maintain t h i s  temperature f o r  two hours.  Shut o f f  t h e  furnace 
and a l low it t o  cool  over-night . Remove t h e  m a t e r i a l  when t h e  
furnaoe has cooled t o  room temperature.  
Wind t h e  wire i n t o  a  s p r i n g  on a  l a t h e  us ing  a  0.625 inch  O . D .  
metal  rod.  
Cut t h e  ind iv idua l  c o i l s  of t h e  sp r ing .  
Open t h e  c o i l  t o  t h e  dimensions shown on Drawing 109. 
Degrease anode connector  r e t a i n e r  r i n g  i n  vapors of hot  t r i o h l o r o -  
e thy lene .  
At tach  the  sepa ra to r  t o  t h e  anode connector u s ing  t h e  anode 
connector  r e t a i n e r  r i n g .  Cut o f f  t he  excess  g l a s s  t ape .  
T ighten  t h e  anode connector r e t a i n e r  r i n g  around t h e  anode 
connector  u s ing  hog r i n g  p l i e r s .  
Weigh the  anode assembly. Record t h e  weight.  Th i s  weight i s  
important because it w i l l  be used t o  determine t h e  weight of 
e l e c t r o l y t e  i n  t h e  s e p a r a t o r .  Assign a number t o  each anode 
assembly. 
I n s e r t  t h e  anode assembly i n t o  t h e  oase mold (see Drawings 116 
and 119) .  A c e l l  case i s  used as a  mold f o r  c a s t i n g  t h e  sal t  
block. Ths-e i s  no case  cover and the  s e a l  i s  s i l v e r  so ldered  
t o  t h e  P Z S ~ .  
I n s ~ l t  1-.5 inches of t h e  case mold i n t o  t h e  hea t  s i n k .  ( see  
Drawings 117 and 119) .  
Wrap t h e  remainder of t h e  case mold wi th  0.062 inch  a sbes tos  shee t  
(see Drawing 119) .  Th i s  ope ra t ion  and t h e  previous one prevent  
t h e  su r f ace  of t h e  salt  from f r eez ing  f i r s t .  The hea t  s i n k  makes 
t h e  salt  i n  t h e  bottom of t h e  oase f reeze  f i r s t .  The a sbes tos  
wrap makes t h e  remainder of t h e  s a l t  s t a y  molten long  enough t o  
s a t u r a t e  t h e  sepa ra to r .  
Clean t h e  salt  c rushing  box (see Photograph 118)  w i th  oxa l i c  
a c i d  s o l u t i o n .  Rinse t h e  s o l u t i o n  from t h e  box wi th  cold water ;  
t h e n  d r y  crushing box i n  a n  oven. 
S e t  up the  salt  c rushing  box on t h e  Denison P res s .  Screw t h e  r a m  
of t h e  box i n t o  t h e  r a m  of t h e  press .  Line u p  t h e  edges of t h e  
ram wi th  t h e  edge of t h e  box. 
Break the  g l a s s  v i a l  away from t h e  LiC1-CKl e u t e c t i c  s a l t .  Wear 
rubber  gloves.  Make su re  a l l  g l a s s  i s  separa ted  from t h e  e u t e c t i c .  
A l l  opera t ions  us ing  s a l t  w i l l  be done i n  a d ry  atmosphere 
(R.H.  ( 3%).  
Place t h e  s a l t  i n  t h e  box. Crush t h e  s a l t  a t  1300 p s i  on a 3.250 
inch  r a m .  S to re  t he  salt  i n  sea led  j a r s  i n  a dry room. 
Weigh- 50.0 grams of salt  i n t o  a Vycor beaker.  
0 Place t h e  beaker i n  a tube furnace which i s  pre-heated t o  500 C .  
Melt t h e  s a l t .  
When t h e  salt i s  molten, remove t h e  beaker from the  furnace and 
pour t h e  s a l t  i n t o  t h e  case mold us ing  beaker tongs.  Pour t h e  
salt between t h e  s i d e  of t h e  anode and t h e  case w a l l  t o  prevent 
damage t o  t h e  sepa ra to r .  
Cover t h e  open end of t h e  case wi th  0.062 inch  a sbes tos  shee t  
(see Drawing 119) .  
Place t h e  hea t  s i n k  assembly i n  a vacuum oven while t h e  e l e c t r o l y t e  
i s  s t i l l  molten. Use beaker tongs.  Close t h e  oven door, s t a r t  
t h e  vacuum pump and maintain f u l l  vacuum f o r  90 seconds. Vent 
t he  oven and remove t h e  assembly. 
Add t h e  remainder of t he  molten salt t o  t h e  block. By pouring 
t h e  same weight of s a l t  i n t o  t h e  same s i z e  mold f o r  each block, 
uniform salt  block s i z e  i s  insured .  
Remove t h e  block from t h e  mold. This  i s  done by tapping  t h e  case 
mold s l i g h t l y  u n t i l  t h e  block i s  f r e e .  
Use a hack s a w  t o  t r i m  t h e  excess  salt  from t h e  block. Trim 
t h e  salt  from t h e  end of t h e  block opposi te  from t h e  anode 
connector .  Secure the  block i n  a v i s e .  Cut t h e  block t o  t h e  
dimensions shown i n  Drawing 110. The acceptab le  range of salt  
weight i s  355.0g - 355.5g. 
S e a l  each sal t  block i n  two p l a s t i c  bags. 
Pack t h e  components i n  t he  ca r ry ing  case .  
Hand-carry o r  a ir  f r e i g h t  t he  components t o  Fusion Labs, 
120 Shoemaker Lane, Agawam, Massachusetts 01001. 
Unpaok a l l  components. Place t h e  salt block i n t o  t h e  d r y  box 
immediately t o  prevent abso rp t ion  of water by t h e  e l e c t r o l y t e .  
Clean t h e  counterbore, t e rmina l  s e a l ,  t e rmina l  pin, and case 
cover i n  ace tone .  Make sure  a l l  j o i n t  a r e a s  (see Drawing 111) 
a r e  f r e e  from dus t  and d i r t  t o  i n su re  optimum welding condi t ions .  
P o s i t i o n  t h e  t e rmina l  s e a l  i n  t h e  oounterbore. E lec t ron  beam 
weld t h e  t e rmina l  s e a l  t o  t he  c e l l  oase.  I n  t h i s  operat ion,  t h e  
hea t  from t h e  beam mel t s  t h e  corner  of t h e  counterbore. The 
metal  flows i n t o  t h e  j o i n t  a r e a  (see Drawing 111). This  method 
keeps excess  hea t  from reaching t h e  t e rmina l  s e a l  and d i s t u r b i n g  
t h e  braze. 
P o s i t i o n  t h e  t e rmina l  p i n  i n  t h e  0.109 inch  hole i n  t h e  case as 
shown i n  Drawing 111. Elec t ron  beam weld t h e  t e rmina l  p i n  t o  
t h e  c e l l  case .  The tapered  end of t h e  p i n  holds it i n  place 
du r ing  welding. 
Place a l l  of t h e  cases  which pass  t h e  l e a k  t e s t  i n t o  t h e  d r y  box. 
Load t h e  salt  block i n t o  t h e  case  us ing  t h e  rubber gloves i n  t h e  
d r y  box. Make su re  t h e  0.060 inch  po r t ion  of t h e  anode connector 
extends beyond t h e  cap of t h e  t e r m i n a l  s e a l .  k k e  sure  t h e  salt  
block i s  a l l  t h e  way up  i n t o  t h e  c e l l  oase.  
Take t h e  cases  out of t h e  dry  box which a r e  t o  be welded next .  
I f  any case i s  not  being welded a t  a given time, it is  kept  i n  
t h e  d r y  box because it now con ta ins  t h e  e l e c t r o l y t e .  
E lec t ron  beam weld t h e  anode connector  t o  t h e  t e rmina l  s e a l  a s  
shown i n  Drawing 111. 
Form t h e  n i c k e l  rod i n t o  r i n g s  on a  l a t h e  by winding it around 
a meta l  rod .  Cut it i n t o  ind iv idua l  open r i n g s .  See Drawing 
113. 
Degrease t h e  r i n g  i n  vapors of hot t r i ch lo roe thy lene .  
P o s i t i o n  the  cathode r e t a i n e r  r i n g  i n  t h e  case us ing  v e r n i e r  
c a l i p e r s .  Match t h e  d i s t ance  from t h e  counterbore s t e p  t o  t h e  
t o p  of  t h e  r i n g  wi th  the  he ight  of each cathode. See Drawings 
112, 114, and 115. 
E lec t ron  beam weld t h e  cathode r e t a i n e r  r i n g  t o  t h e  c e l l  case as 
shown i n  Drawing 112. The r i n g  is welded i n  four  pos i t i ons  around 
i ts  circumference . 
Strand t h e  copper wire by winding it around a wooden sp ind le  on a 
d r i l l  p ress .  The s t r a n d s  should be 0.25 inches i n  diameter  and 
25 inches long.  They a r e  made by c u t t i n g  the  wire away from the  
sp ind le .  The wire is  s t randed  so t h a t  t h e  o u t t i n g  blade w i l l  
produoe more t h a n  one needle  per cu t .  
Cut t h e  wire i n t o  0.125 inch  needles  u s ing  a n  Artos Model M wire 
c u t t e r  (see Photograph 120) .  Check t h e  l e n g t h  of t h e  needles  
p e r i o d i c a l l y  wi th  a c a l i b r a t e d  microscope. Re-adjust t he  s e t t i n g  
of t h e  c u t t e r  when necessary.  
Measure t h e  l e n g t h  of a random sample of a t  l e a s t  200 needles  
u s ing  a microscope. A l l  needle l eng th  d i s t r i b u t i o n s  should be 
suoh t h a t  90% of the  sample has a range of 0.090 t o  0.170 inohes. 
Line t h e  glassrook mold wi th  mica. Cut out  t h e  mica s l eeve  and 
d i s o  as shown i n  Drawing 121. Fold t h e  mioa s l eeve .  Place t h e  
s l eeve  i n t o  the  mold as shown i n  Drawing 125. Plaoe t h e  d i so  
i n t o  t h e  s leeve  as shown i n  Drawing 125. The mioa makes t h e  
cathode easy t o  remove a f t e r  s i n t e r i n g .  
P o s i t i o n  the  g lass rook mold i n  t h e  c e n t e r  of t he  f i x t u r e  (see 
Drawings 123 and 125) .  I n s e r t  t h e  d i e  (see Drawing 124)  through 
t h e  t o p  p l a t e  of t h e  f i x t u r e  as shown i n  Drawing 125. Center  
t h e  mold and d i e  i n  t h e  f i x t u r e  suoh t h a t  t he  d i e  w i l l  r o t a t e  i n  
t h e  mold. Tighten t h e  t o p  p l a t e  of t h e  f i x t u r e  a g a i n s t  t h e  mold 
wi th  the  wing nu t s .  
Weigh 72.7 grams of copper needles  and pour them i n t o  the  mold. 
Nbke sure  t h a t  they  a r e  evenly d i s t r i b u t e d  i n  t h e  mold. 
I n s e r t  t h e  d i e  (see Drawing 124)  i n t o  the  mold and r o t a t e  it on 
the  su r f ace  of t h e  needles .  A l l  of t hese  opera t ions  and t o o l s  
a r e  necessary t o  make t h e  t o p  of t h e  cathode p a r a l l e l  w i th  t h e  
bottom. This  i n  t u r n  i n s u r e s  proper f i t  a g a i n s t  t h e  cathode 
r e t a i n e r  r i n g  and good con tac t  w i th  t h e  oase oover. 
Remove t h e  d i e  from the  mold. Remove the  mold from t h e  f i x t u r e  
by loosening  the  wing nu t s  (see Drawing 125) .  
Plaoe t h e  mold i n  a preheated muffle $urnace f o r  2  hours at 6 5 0 ~ ~ .  
During t h i s  period, t he  needles  a r e  s i n t e r e d  i n t o  a r i g i d  d i s c .  
Remove t h e  mold from t h e  furnaoe and a l low it t o  cool  t o  roo9 
temperature.  
S l i d e  the  mioa s leeve  conta in ing  t h e  cathode out  of t h e  mold. 
Unwrap t h e  mioa from around t h e  cathode (see Drawing 125) .  
Place t h e  cathode on the  furnaoe s h e l f .  The s h e l f  e l imina te s  
handl ing t h e  cathodes wi th  tongs and saves  them from excessive 
weight l o s s .  
Plaoe the  s h e l f  i n  t h e  furnaoe pre-heated t o  650'0. Connect the  
a i r  flow and check t o  s ee  t h a t  t h e  flow r a t e  i s  s e t  a t  4 l i t e r s /  
minute. Allow t h e  cathode t o  oxidize f o r  f i v e  days. 
Remove t h e  s h e l f  from t h e  furnaoe.  Allow t h e  cathode t o  cool .  
Weigh the  cathode. (see Drawing 114) 
I f  t h e  cathode i s  below t h e  weight range shown on Drawing 114, 
place it back on t h e  s h e l f .  Plaoe t h e  s h e l f  back i n t o  t h e  furnaoe, 
re-connect t h e  a i r  flow, and re-oxidize t h e  cathode. 
Re-weigh t h e  cathode 24 hours l a t e r .  
Plaoe t h e  cathode on t h e  cathode r e t a i n e r  r i n g .  Center  t h e  cathode 
wi th  r e s p e c t  t o  t he  c e n t e r  of t he  oase (see Drawing 115) .  
Press  t h e  oover i n t o  t h e  counterbore of t h e  oase. E lec t ron  beam 
weJd t h e  oover t o  t he  oase (see Drawing 111) .  
Pack t h e  completed c e l l  i n t o  ca r rykng  c a s e .  
Hand c a r r y  o r  a i r  f r e i g h t  t h e  o e l l  t o  C a t a l y s t  Research Gorp., 
Balt imore,  Md. 
Hand c a r r y  t h e  c e l l  t o  Penniman and Browne, Inc . ,  Balt imore,  Md. 
f o r  X-ray. X-ray t h e  o e l l  s u c h  t h a t  t h e  view is  as shown i n  
Drawing 114.  Hand c a r r y  t h e  o e l l  t o  C a t a l y s t  Research Gorp. 
Weigh t h e  e n t i r e  c e l l   r raw in^ 1 1 4 ) .  Record t h e  weight .  
TESTING PROCEDURES 
1. Receive t h e  c e l l  from f i n a l  assembly. Clean t h e  anode and cathode 
t e rmina l s  w i th  s t e e l  wool t o  a s s u r e  good e l e c t r i c a l  con tac t .  
2 .  Locate a chromel-alumel thermocouple a t  each o e l l  pos i t i on  i n  t h e  
oven and connect t o  t h e  c i r c u i t r y .  
3 .  Run two 16  gauge n i c k e l  200 wires  i n s u l a t e d  wi th  Varglas s leeving ,  
s i z e  16, type H.O., from t h e  c e l l  p o s i t i o n  i n  t h e  oven t o  t h e  c i r c u i t r y  and 
connect.  
4. Screw t h e  connector pin, (see Drawing 126),  t o  t h e  cathode and anode 
t e rmina l s .  
5 .  Place t h e  c e l l  i n t o  t h e  Blue M oven (see Photograph 128) .  Each 
c e l l  is  contained i n  a 400 m l .  beaker which c o l l e c t s  any leakage of e l ec -  
t r o l y t e  from t h e  c e l l .  
6.  Connect t h e  two 16  gauge n i c k e l  wi res  t o  t h e  t e rmina l  pins .  Wrap 
t h e  chromel-alumel thermocouple wire around the  pyrex beaker and p o s i t i o n  
t h e  thermocouple j unc t ion  between the  o e l l  case and t h e  i n s i d e  diameter  of 
t h e  beaker.  The maximum number of c e l l s  t h a t  can be t e s t e d  s imultaneously 
i s  four .  
7.  Close t h e  oven door.   or N2 atmosphere t e s t i n g  only :  
-- 
Flush t h e  oven ohamber w i th  N a t  a r a t e  of 60 CFH f o r  30 minutes.  Then, 2 
reduce t h e  flow t o  30 CFH) .  
8. Se t  t h e  Blue M temperature c o n t r o l l e r  t o  t h e  t e s t  temperature.  
Turn on t h e  p o t e n t i a l ,  cur ren t ,  and temperature r eco rde r s .  
9. Allow t h e  o e l l  t o  remain on open c i r c u i t  f o r  1 hour a f t e r  it reaches 
the t e s t  temperature.  
10.  Turn on t h e  out-off  c o n t r o l  and t h e  cu r r en t  d r a i n  c i r c u i t .  This  
completes t h e  " s t a r t -up"  procedure. Af t e r  t h i s  procedure is  completed, 
t h e  t e s t  is completely under t h e  oon t ro l  of t he  e l e c t r o n i c  t e s t  equipment. 
The t e s t i n g  c i r c u i t r y  has  t he  fol lowing c a p a b i l i t i e s :  
a )  Record p o t e n t i a l  ( v o l t s  of each c e l l  . ) 
b)  Record cu r r en t  (milli-amperes) of each c e l l .  
c )  Record temperature (OC) of each c e l l .  
d )  Induce cu r r en t  d r a i n  of 278 ma. d r a i n  f o r  54 minutes and 833 m a .  
f o r  6 minutes i n  a  continuous cyc le .  
e )  E l e c t r i c a l l y  ex t r ac t ,  au tomat ica l ly ,  any c e l l  from t h e  c i r c u i t  wi th  a 
p o t e n t i a l  of 0 .5  v o l t s  o r  l e s s  under a  278 ma. d r a i n .  
The t e s t  c i r c u i t  is shown schemat ica l ly  i n  Drawing 127 and p i c t o r i a l l y  
i n  Photograph 128. 
11. hrkznually remove from t h e  Blue M oven each ind iv idua l  c e l l  when t h e  
t e s t  i s  completed (vol tage drops below 0.5 v o l t s  under a 278 ma. d r a i n ) .  
Allow the  c e l l  t o  coo l  t o  room temperature.  
12.  Hand c a r r y  t h e  spent  c e l l  t o  Penniman & Browne, Baltimore, Md. f o r  
X-ray. Return X-ray negat ive and spent  c e l l  t o  C . R . C .  
13.  Measure r e s i s t a n c e  between cathode and anode p ins  t o  determine i f  
any s h o r t i n g  occurred.  
14. Cut t h e  c e l l  open wi th  a hack s a w  and r e t r i e v e  the  anode. Re-weigh 
the  anode. This  weight i s  used i n  t h e  performance oa l cu la t ions  (see Appendix 
11, Sample ~ a l c u l a t i o n s ) .  Note t he  condi t ion  of t h e  sepa ra to r .  
15.  Cross-sect ion t h e  c e l l  w i th  a hack s a w  and note  t h e  expansion of 
t he  cathode and t h e  e l e c t r o l y t e  d i s t r i b u t i o n .  Note any o ther  unusual con- 
d i t i o n s  present  i n  t h e  spent  c e l l ,  ( swel l ing  of t h e  c e l l  case,  displacement 
of t h e  r e t a i n e r  r ing ,  leakage, e t c .  ). 
16. Calcu la te  output,  anode e f f i c i ency ,  cathode e f f i c i ency ,  and s e l f -  
d i scharge  cu r r en t  on each spent  c e l l .  Record anode oapaoity,  cathode 
capaci ty,  and c e l l  l i f e .  
S e c t i o n  2 
Q u a l i t y  P l a n  
Drawing 
Number 
Inspec t ion  
T i t l e  Sequence No. 
Ce l l  Case - Nickel 200 1 
Nickel 200 Sheet - 0.050 
Inc he s 2 
Case Cover, Nickel 200 3 
Terminal S e a l  - A l i t e  B-50-1 4 
C e l l  Case, Nickel 200 5 
Rod, Nickel 200, 0 .I25 Inches 6 
Terminal Pin, Nickel 200 7 
Terminal Pin, Nickel 200 8 
Magnesium Rod 9 
b g n e  s ium Anode 
Nickel 200 Rod, 0.25 Inches 
Anode Connector, Nickel 200 
Varglas Sleeving, Type H 
Anode Connector Sleeve 
Hesgon "B" G l a s s  Tape 6.0 
Inches Wide, 0.005 Inches Thick 
Anode Separator ,  Hesgon "B" 
Glass Tape 
Wire, Duranickel 301 
Anode Connect o r  Retainer  Ring, 
Duranickel 301 
E lec t ro ly t e ,  LiC1-KC1 E u t e c t i c  
Anode Assembly and S a l t  Block 
Case Assembly 
Rod, Nickel 200, 0.125 inches 2 3 
Cathode Reta iner  Ring, Nickel 200 2 4 
Drawing Inspec t  ion  
Number T i t l e  Sequence No. 
111, 112 Case Assembly 
115 
OFHC Copper Wire, B85 
Gauge 38 
Cathode, CuO Needles 27 
114, 1 2 1  Cathode, CuO Needles 
122 
115 Case Assembly 2 9 
116, 115 Thermal Cel l ,  F i n a l  Assembly 3 0 
The fo l lowing  abbrev ia t ions  a r e  used i n  t h e  in spec t ion  sequences: 
A.Q.L.  - Acceptable Qual i ty  Limits  per  MIL Spec. 105 
T.I.R. - True Inner  Radius 
MC - Magnesium - Copper Oxide C e l l  
D.E. Plug - Double-End Plug 
CATALYST RESEARCH CORP, 
FORM 36 
QUALITY COM"6OL DEPT, 
MC #I 
PART NAME C e l l  Case, Nickel 200 IINSPECEEB 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
USE TOOL OR INSPECTION OPERATION GAGE NUMBER 
Vendor's c e r t i f i c a t i o n  required showing compliance 
t o  chemical composition. 
O.D. of oase per drawing 
I . D .  of oase per drawing 
NOTE: "'XVESIGNATES FIXTURE GAGE - 166 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING AS PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH CORP. QUALITY CONTROL BEPT, 
MG #2 
Niokel 200 Sheet 
?ART NAME 0.050 Inches IINSPECTED A 
VENDOR 
SEQUENCE 
REVISION DATE 
.-- 
DRAWINGS 
v s E-D 
INSPECTION OPERATION 
Vendor's c e r t i f i o a t i o n  requi red  showing oomplianoe 
t o  ohemioal oomposition. 
Micrometer Cheok thickness  per purchase o rde r  
Mater ials  and workmanship 
REJECTIONS MUST BE RECORDED O N  THE REVERSE SIDE O F  THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH CBRP, QUALITY CONTROL DEIST 
FORM 36 
VENDOR 
SEQUENCE 
REVISION DATE 
'3 
DRAWINGS 
USED 
NOTE: "X" DESIGNATES FIXTURE GAGE - 1 6 8  - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH CORP, 
FORM 36 
QUALITY CONTROL DEPT, 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
INSPECTION OPERATION 
Vendor's certification showing compliance to 
chemical c omposition 
Check diameters, length and locations per 
Material and workmanship 
NOTE: "'X" DESIGNATES FIXTURE GAGE -169 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE O F  THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH CORP, BuALlTY CONTROL DEPT, 
FORM 36 
PART NAME INSPECTED A 
SEQUENCE 
VENDOR REVISION DATE 
DRAWINGS 
USED 
OPER. USE TOOL OR 
NO. GAGE NUMBER INSPECTION OPERATION 
INSPECT 
LEVEL 
Plug Gauge 
Go-No Go 
Dial Indicator 
& "v" Block 
Dial Indicator 
and Plate 
Height Gauge 
w/~ial Indica- 
tor 
D.E. Plug 
Receiver Gauge 
or Overlay 
Vernier 
Caliper 
Bench Compara- 
tor w/dial 
indicator 
Tube 
Micrometer 
Radius Gauge 
Visual 
Visual 
Visual 
Counterbore diameter per drawing 100 
T.I.R. per drawing 100 
Height from the bottom of the case to the counterbore 
step per drawing 100 
Overall height per drawing 100 
Hole diameter per drawing 102 
Hole locations per brawing 102 
Counterbore diameter (terminal seal) 
per drawing 102 
Counterbore depth (terminal seal) per drawing 
102 
Wall thickness (case cover oounterbore) , per 
drawing 100 
Radius per drawing 100 
Workmanship, Burrs, Foreign Matter, etc. 
Check fit of terminal seals in counterbores by 
snapping the seal into the counterbore. 
Check Pit of case cover in oounterbore by snapping 
case cover into oounterbore. 
A.Q.L. 
100% 
NOTE: "X" DESIGNATES FIXTURE GAGE - 170 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVMC REPORT. 
CATADST RESEARCH CORP, QUALITY CONTROL DEPT, 
Rod, Nickel 200, 
INSPECTED A 0.125 Inches O.D. 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
INSPECTION OPERATION 
t o  chemical composition 
Micrometer Check O.D. per purchase order  
Mater ia l s  and workmanship 
NOTE: "'XVESlGNAYES FIXTURE GAGE - 171 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE O F  THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH CORP. QUALITY CONTROL DE 
PART NAME INSPECTED 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
GAGE NUMBER INSPECTION OPERATION 
Micrometer Check length per drawing 
Chamfer Gauge Check O.D. and length of taper  per drawing 
Micrometer Check O.D. of rod which i s  not tapered per drawing 
Material and workmanship 
NOTE: "'X" DESIGNATES FIXTURE GAGE - 172 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING AS PER PURCHASE ORDER OR RECEIVING REPORT. 
l:ATALYST RESEARCH CORP, 
DRM 
QUALITY CONTROL DEPTe 
i"AR?$ NAME INSPECTED A 
VENDOR 
-- a 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
Check fit of terminal pin in 0.109 inch hole 
NOTE: "'MWbaESlGNATES FIXTURE GAGE - 173 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
CAnALYST RESEARCH CORP, Q U A L I V  CONTROL DEPT, 
Rod, Magnesium, 
PART NAME INSPECTED A 
SEQUENCE 
REVISION BATE 
DRAWINGS 
USED 
NOTE: "W" DESIGNATES FIXTURE GAGE - 174 - 
REJECTIONS MUST BE RECORDED O N  THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING AS PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALMSMESEARCH CORP, QUALITY CONTROL DEPT, 
NAME Anode, Magnesium INSPECTED 
. - 
VENDOR 
SEQUENCE 
REVISION DATE 
A T  Receiving Inspec t ion  
DRAWINGS 
USED 
106 
Micrometer Cheok O.D. per drawing 
Micrometer Check th ickness  per drawing 
Thread depth per drawing 
Thread Gauge Check threads  per drawing 
D i a l  Indioa-  T.I.R. per drawing 
Mater ia l  and workmanship 
i 6 i g h t  per  drawink 
NOTE: ""XVDESIGNATES FIXTURE GAGE - 175 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING AS PER PURCHASE ORDER OR RECElVlNG REPORT. 
CATAHST RESEARCH CORP. QUALITY CONTROL DEPT, 
Rod, Niokel 200, 
PART NAME 0.25 Inohes 
- 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
INSPECTION OPERATION GAGE NUMBER 
Vendor's o e r t i f i o a t i o n  required showing oomplianoe 
t o  ohemioal oomposition. 
Miorometer and Check O.D. and length per purohase order 
Material and worlananship 
RaEGTIONS MUST BE RECORDED O N  THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING AS PER PURCHASE ORDER OR RECElVING REPORT. 
CATALYST RESEaRCH CORP, 
Qua l i ty  Control INSPECTION SEQUENCE asc #la 
PAR%" NAME INSPECTED 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
INSPECTION OPERATION 
Micrometer Check O.D. per drawing - 3 places 
Micrometer Check overa l l  length per drawing 
Vernier Caliper Check thread length per drawing 
Thread Gauge Cheok threads (2  places) per drawing 
Rockwell Tester 
Material and workmanship 
NOTE: "'X" DESIGNATES FIXTURE GAGE - 177 - 
REJECTIONS MUST BE RECORDED O N  THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING AS PER PURCHASE ORDER OR RECElVlNG REPORT. 
CATALYST RESEARCH CORF. QUALIT"M CONTROL BEPT* 
FORM JB 
Q u a l i t y  Control  
PART NAME 1NSPEaED 
SEQUENCE 
REVISION DATE 
R1EJEGT1ONS MU- BE RECORDED ON W E  Rsg SIDE OF WIS GARD* 
OMWINO AS PER IF"UFZCIImE5 ORDER OR REaiVINO REPOIZ1". 
e 
;,.%TALYST RESEARCH CBRP. 
i <M 36 
QUALIU CONTROL BEPT 
ART NAME Anode Connector Sleeve INSPECTED 
DRAWINC38 SEQUENCE 
107 11-7-69 
INSPEmiON OPERATfON GAGE NUMBER 
Nkzter ia l  and workmans h ip  
Vernier Ca l ipe r  Check dimensions per drawing 
NOTE: "")I"' DESIGNATES FPXPPJRE GAGE - 179 - 
RWEG"rIONS MUST 13s RECORDED ON 1P.tE RIEVERSE 81DE OF THIS CARD. 
SECURE U T  DRAWING d$S PER PURCHASE ORDER OR RECEIVING REPORT, 
CATALYSMRESEARGH CORP. 
FORM 36 
Q U A L I n  CONTROL DEPPT. 
NSPECTTON SEQUENCE ~c #I 
PART NAME 
0.005" t h i o k  
SEQUENCE 
REVISION DAm VENDOR 
RIEJECIIONS MUST BE RECORDED ON W E  FILWERSE SIDE OF TW18 CARD. 
SECURE LATWT DRAWING W PER P U m H M E  O R D m  OR RECkiVING RhPOm. 
Anode S e ~ a r a t o r ,  Hesnon "B" 
INSPECTED 
SEQUENCE 
HEVlSlON DATE VENDOR 
jNSBaECTION QPERATIQN INSPECTION 
M a t e r i a l s  and workmanship 
Check t h i c k n e s s  p e r  drawing 
NOTE: "X'VDESIGMATES FIXTURE GAGE - 1 8 1  - 
RaECTIONS MUST BE RECORDED ON THE RWERSE SIIDE OF THIS CARD. 
SECURE UT1EST DRAWING AS PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH CORP, 
FORM 36 
QUALITY CONTROL DEPT, 
Wire, Duranickel 301 
PART NAME 0.062 Inches in Diameter 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
INSPECTION OPERATION 
Vendor's certification required showing compliance 
to chemical composition. 
Micrometer Check O.D. and length per purchase order 
Material and workmanship 
NOTE: "'XVESIGNATES FIXTURE GAGE -U3% - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
C:ATALVST RESEARCH CORP, 
9RM 36 
QUALITY CONTROL DEPT, 
Anode Connector Retainer  Ring 
INSPECTED ATReee iv ing  Inspec t ion  --. 
VENDOR 
- - - - -- - -- 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
Check l eng th  and rad ius  of curvature per drawing 
Micrometer Cheok rod O.D. per drawing 
Mater ia l  and workmanship 
NOTE: " X  DESIGNATES FIXTURE GAGE - 183 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH GORP, QUALITY CONTROL DEPT. 
PART NAME ENSPECED A 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
- 
NOTE: "X'WESIGNATES FIXTURE GAGE - 184  - 
REJECTIONS MUST BE RECORDED ON TPIE REVERSE SIDE O F  THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
CATALYST RESEARCH CORP. 
ZORhA 34 
QrJALlTY CONTROL DEPT, 
Anode Assembly 
-4 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
=--3 
I U S E  TOOL O R  I 
I N  1 I N  OPERATION INSPECTION LEVEL 
1 Ealanc e 
2 Vernier Cal iper  
3 Visual  
4 Visual  
Check weight of e l e c t r o l y J ~ e  i n  each block 
Height o f  s a l t  block 
F i t  of anode connector i n  te rmina l  s e a l  cap 
Mater ia l  and workmanship 
A.Q.L. 
100% 
100% 
100% 
100% 
NOTE: "'X'DESIGNATES FIXTURE GAGE -185 - 
REJECTIONS MUST BE RECORDED O N  THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPCRT. 
CATALYST RESEARCH CORP. QUALITY CONTROL DEPT, 
P A R M A M E  INSPECTED A 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
Note: Operations a r e  performed a t  Fusion Labs, 120 Shoemaker Lane, Agawam, Mass. 01001, 
by CRC t r a i n e d  represe i i ta t ive .  
INSPECTION OPERATION 
Receiver Gauge Check loca t ion ,  perpendicular i ty  and length  of 
te rmina l  pin and s e a l .  
C e r t i f i c a t i o n  requi red  i f  l e a k  check i s  performed 
by ou t s ide  vendor. 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REPORT. 
QUAI-ITY CONTROL DEFY" 
PECTION SEQUENCE - r\iic #2 
Rod, Nicke l ,  
r'AR'T NAPJIE-- 0.125 i n c h e s  O.D. - INSPECTED A p e c e i v i n g  -- I n s p e c t i o n  
- 
VENDOR 
---- 
SEQUENCE 
REVISION DATE 
.- 
DRAWINGS 
USED 
INSPECTION OPERATION 
Vendor 's  c e r t i f i c a t i o n  r e q u i r e d  showing compliance 
t o  chemical  composit ion.  
Micrometer Check O.D. per  purchase o r d e r  
M a t e r i a l  and workmanship 
REJECTIONS MUST BE R E C O R 9 E D  ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRALr?1FG AS P E S  PC!XCFIASF: O R D E R  O R  RECEIVING REPOR'T'. 
CATALYST RESEARCH GORP, QUALITY CONTROL DEPT, 
Cathode Retainer Ring 
P A R M A M E  INSPECTED A 
SEQUENCE 
VENDOR REVISION DATE 
DRAWINGS 
USED 
INSPECTION OPERATION 
Micrometer Check O.D. of rod per drawing 
Vernier Caliper  Check O.D. of r i n g  per drawing 
Material and workmanship 
NOTE: " X  DESIGNATES FIXTURE GAGE - 188 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE O F  THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR REC.EtVING REPORT. 
':ATALYST RESEARCH CORP. 
ORM 36 
QUALITY CONTROL DEPT, 
igAR'F NAME INSPECTED AT ~ u s i o n . - ~ a b  
VENDOR 
SEQUENCE 
REVlSlON DATE 
C 
DRAWINGS 
USED 
111, 112, 
115 
Note: Operations a r e  performed a t  Fusion Laborator ies ,  120 Shoemaker Lane, Agawam, 
Mass. 01001, by CRC t r a i n e d  representa t ive .  
INSPECTION OPERATION 
Verify t h a t  t he  s a l t  block and cathode r e t a i n e r  
r i n g  a r e  positioned i n  case.  
Vernier  Cal iper  Check dimensions from counterbore t o  cathode r e t a i n e r  
r i n g  per drawing 115. 
Check e l ec t ron  beam weld of terminal  s e a l  t o  anode 
connector per drawing 111. 
Check e l ec t ron  beam weld from cathode r i n g  t o  case 
per  drawing 112. 
NOTE: "Xu DESIGNATES FIXTURE GAGE - 189 - 
REJECTlONS MUST BE R E C O R D E D  ON THE REVERSE S I D E  OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OR RECEIVING REF'ORT'. 
CATALYST RESEARCH CORP, QUALITY CON%R8i, DEPT, 
Wire, Copper 
PART NAME INSPECTED A 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
INSPECTION OPERATION 
Vendor's c e r t i f i c a t i o n  required showing compliance 
t o  chemical composition. 
Mio r ome t e r  Check O.D. of wire per purchase order  
Mater ia l s  and workmanship 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER O R  RECEIVING REPORT. 
CATALYST RESEARCH COKP, QUALITY CONTROL BEPT. 
"ART NAME- cathod IIVSPECTED AT'Reeeivin 
VENDOR 
SEQUENCE 
REVISION DATE 
-
DRAWINGS 
USED 
--- 
INSPECTION OPERATION 
Needle s i z e  d i s t r i b u t i o n  
Check t h a t  t o p  of t h e  cathode i s  p a r a l l e l  with 
t h e  bottom and t h a t  s i d e s  a r e  perpendicular  a f t e r  
REJECTIONS MUST BE RECOiZDED ON THE REVERSE SIDE OF THIS C,4Re), 
S E C U R E  LATEST DRAWII\IG AS PER PURCHASE ORDER OF? RECEIVING REPC)RT. 
LYST RESEARCH CORP. QUALITY CONTROL BEP 
PART NAME Cathode, cuo Needles INSPECTED ATAssemb" Line 
VENDOR 
SEQUENCE 
REVISION DATE 
DRAWINGS 
USED 
Check dimensions of mica p a r t s  and g l a s s  rock 
mold per drawings 121  and 122. 
Verify oven s e t t i n g  and gas flow 
Verify time cathode i s  i n  oven 
Micrometer and Check thickness  and O.D. per drawing 114. 
Go-No Go Gauge 
Weight of cathode per  drawing 114. 
REJECTIONS MUST BE: RECORDED ON Ti-IE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE ORDER OH RECEIVING REPORT. 
""ATALYST \ a  RESEARCH GORP, 
ORM 36 
QUALITY CONTROL DEPT, 
IMC 429 
Gas e  Assembly 
VENDOR 
SEQUENCE 
REVISION DATE 
C 
DRAWINGS 
USED 
Note: Operations a r e  performed a t  Fusiori Laborator ies ,  120 Shoenaker 
Lane, Agawam, ;,(!ass. 01001, by CRC t r a i n e d  representa t ive  . 
Verify t h a t  cathode is  piaced i n  case a t d  i s  
f l u s h  aga ins t  t h e  cathode r e t a i n e r  r i n g  per 
drawing 115. 
Verify t h a t  case cover is  i n  counterbore and is  
t i g h t  aga ins t  t he  cathode per  drawing l15. 
NOTE: " X  DESIGNATES FIXTURE GAGE - 1 9 3  - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING AS PER PURCHASE ORDER OR RECEIVING REPORT. 
LYST RESEARCH CORP. 
SEQUENCE 
-- 
VENDOR REVISION DATE 
DRAWINGS 
USED 
F 
Go-No Go Ring Check O.D. per drawing 
Check case  he ight  per drawing 
Check l eng th  of te rmina l  p in  t o  bottom of 
case per  drawing 
Height Gauge Check l eng th  of anode connector t o  bottom 
of case  per  drawing 
Mater ia l  and workmanship 
Gross damage due t o  rough handling 
Ceramic s e a l  damage 
Check case  marking 
Weigh each u n i t  and record 
Measure r e s i s t a n c e  from te rmina l  pin t o  te rmina l  
s a p  of s e a l .  
Check e l ec t rode  separa t ion ,  pos i t ion  of components, 
and presence of voids i n  e l e c t r o l y t e  (x-ray p l a t e  
from T-3 on c h a r t ) .  
NOTE: "X" DESIGNATES FIXTURE C A G E  - 194 - 
REJECTIONS MUST BE RECORDED ON THE REVERSE SIDE OF THIS CARD. 
SECURE LATEST DRAWING A S  PER PURCHASE CRDER OR RECEIVING REPORT. 
MATERIAL SPECIFICATIONS 
1. Nickel 200 
2 .  Magnesium 
Mg 99.8% Mn 0.15% Max. 
Pb 0.01% Max. Sn 0.01% Max. 
N i  0.001% Max. Other Impur i t i e s  0.05% 
Cu 0.02% Max. T o t a l  Impur i t i e s  0.2% 
3 .  Nickel  Alloy - Duranickel 301 
N i  94.0% Mn 0.25% 
C 0.15% S 0.005% 
Fe 0.15% Cu 0.05% 
A 1 4.50% T i  0.50% 
4. B 8 S Gauge 38 Standard Copper Wire ( ~ l l o y  CDA-110) 
99.9% pure copper, min. 
0.04% 02, max. 
0.06% Trace elements t h a t  oannot be determined. 
5. E l e c t r o l v t e  
59 mole % L i c l  
41 mole $ K C 1  
Glass Tape 
Varglas Type H 
The m a t e r i a l  has no polarographio waves l e s s  t h a n  2.6 v o l t s  versus  a 
0 . 1  m. P t  ( I I ) / P ~  r e fe rence  e l ec t rode .  Residual c u r r e n t  l e s s  t han  s i x  
micro-amperes a t  2.5 v o l t s  versus  t h e  same reference  e l e c t r o d e .  
6. Hesgon "B" G l a s s  Tape and Varglas S leeving  Type "H" 
Owens-Corning Fiberg las  - "E" * 
S i O Z  52% - 56% Na20 & N20 0 - 1% 
C a O  16% - 25% MgO 0 - 6% 
A1203 12% - 16% 
B2°3 8% - 13% 
"Texti le  F iber  Mater ia l s  - For Industry,  Owens - Corning Fiberg las  Corp., 
Pub. NO.  1-GT-1375-A, p. 10 
MATERIALS AND VENDORS 
Mater ia l  Vendor 
Niokel 200 sheet  (0.050") 
Nickel 200 rod (0.125" o.D.)  
Niokel 200 rod (0.250" o .D.)  
Duraniokel 301 rod (0.062" O.D.  ) 
Standard Copper Wire - 
B & S Gauge 38 
Ceramic Seals  
A l i t e  B-50-1 
Magnesium Rod (1.543" o.D.)  
Fused LiC1-KC1 E l e c t r o l y t e  
Niokel 200 Can 
Varglas Sleeving Type "H" 
G l a s s  Tape, Hesgon "B" 
Whitehead Metals 
1720 Whitehead Road 
Baltimore, Md . 21207 
A l i t e  Division of Norton I n d u s t r i e s  
Box 119 
Orvi l le ,  Ohio 44667 
Dow Chemical Go., Inc.  
400 Market S t .  
Camden, New Jersey  
Anderson Physics Laboratory 
609 S.  6 th  S t r e e t  
Champaign, I l l i n o i s  61824 
Maryland Metal Spinning 
5219 Fairlawn Avenue 
Baltimore, Md. 21215 
Varf l e x  Corporation 
Rome 
New York 13440 
Hess, Goldsmith, & Company 
Division of Burlington I n d u s t r i e s  
1450 Broadway 
New York, New York 10018 
